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Abstract 
Polyphenol bioaccessibility is of importance in understanding their beneficial effects on human 
health. To exert their bioactivity, nutrients such as polyphenols must first be released from cells 
through mechanical forces or processing and transported to the target sites for potential uptake. 
Plant cell walls have been identified as a critical factor in influencing polyphenol bioaccessibility by 
providing both a physical barrier and a substrate for binding interactions. However, studies of 
polyphenol bioaccessibility have been limited to either fresh fruits/vegetables or processed food.  
This project addressed important aspects related to polyphenol bioaccessibility after different 
processing conditions through the investigations of: (1) polyphenol localization and subsequent 
polyphenol release from cells when subjected to different food processing conditions, and 
determination of process conditions required for polyphenol release and cell wall binding; (2) the 
effects of processing on the interactions between polyphenols and cellulose, and determination of 
the effects of prior hydrothermal or drying processes; (3) the binding selectivity of polyphenols to 
different cell wall polysaccharides including cellulose, hemicellulose, and pectin under original and 
processed conditions; (4) the release and metabolism of polyphenols associated with cell walls 
during in vitro dynamic gastric digestion, and evaluation of the effects of forces operating during 
stomach peristalsis. 
Different thermal processing and acidic digestion conditions were used to define the conditions that 
promote polyphenol release by directly locating major phenolic compounds within the cells. The 
impacts of different processing conditions on the integrity of cell membranes including the plasma 
membrane and tonoplast were assessed using a confocal laser scanning microscope. Confocal 
microscopy of phenolic compounds in apple cells after thermal processing showed a clear 
movement of phenolic compounds from uniform distribution in vacuoles to being localized around 
cell walls. The release of polyphenols obtained was in the range of 13%-56%, depending on 
processing conditions. Processing (mechanical, thermal, pH) promoted polyphenol bioaccessibility 
by disrupting intracellular barriers, thus increasing the contact with cell walls and modulating 
bioaccessibility by modifying the interactions between cell walls and polyphenols. 
By employing a model system of bacterial cellulose, this project investigated the diverse effects of 
food processing conditions on the main cell wall component i.e. cellulose that modifies the binding 
capacity of polyphenols to different extents, and illuminated the mechanisms behind the interactions. 
The associations were slightly decreased by hydrothermal processing through a reduction in the 
availability of cellulose OH groups, but strongly reduced by dehydration processing. Freeze-drying 
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removed all bulk water as well as most inter-microfibrillar water held within ribbons, and 
significantly reduced the binding capacity as a result of not only creating a more densely packed 
cellulose network but also modifying the availability of OH groups on the surface and within 
individual ribbons. In addition, an increase of polyphenol binding after prior rehydration in water as 
compared with the rehydration of cellulose in the presence of polyphenol molecules suggests that 
polyphenols can bind to the surface of cellulose ribbons and limit further adsorption of polyphenols 
as well as water uptake.  
Adsorption isotherms were determined and modelled with Langmuir, Freundlich and Redlich-
Peterson equations to investigate the potential effects of processing on polyphenol bioaccessibility 
in a real food system. Hydrogen bonding and hydrophobic interactions are the major types of 
interactions between polyphenols and cell walls, which is dominated by cellulose. With respect to 
charged phenolic molecules, ionic interaction between charged polyphenols and pectin was the 
secondary factor regulating the association between polyphenols and cell walls. A remarkable 
decrease of polyphenol adsorption was observed in dried apple samples as a result of process-
induced structural changes of cell walls and differed depending on the type of drying i.e. freeze-
drying vs oven-drying. In general, both intrinsic factors including chemical composition of cell wall 
polysaccharides, local microstructure of cell walls, conformational flexibility of pectin, charged 
nature of cell wall polymers, and extrinsic factors i.e. pH, temperature are major influencing factors 
in modulating the bioaccessibility of polyphenols in a food system and/or under human digestion 
conditions.  
This project introduced for bioaccessibility studies the dynamic in vitro gastric model to mimic the 
gastric digestion environment. The initial release of polyphenols was dependent on particle sizes 
from oral digestion, as a fine chewing may result in small particles and thus high polyphenol release. 
A good simulation of grinding and rubbing effects between samples in the stomach greatly 
increases the release of polyphenols. Most phenolic molecules were stable in the gastric 
environment except for procyanidin B2. However, the presence of mucin and cell walls offset the 
increased release of polyphenols by either binding or encapsulating. The effects of mucin were 
more pronounced on flavan-3-ols and significantly reduced release of catechin and epicatechin, as 
well as protected procyanidin B2 from degradation. The factors interplay with each other and 
codetermine the retention of food in the stomach model and the extent of polyphenol release and 
delivery. 
 
 
III 
 
Declaration by author 
This thesis is composed of my original work, and contains no material previously published or 
written by another person except where due references has been made in the text. I have clearly 
stated the contribution by others to jointly-authored works that I have included in my thesis. 
I have clearly stated the contribution of others to my thesis as a whole, including statistical 
assistance, survey design, data analysis, significant technical procedures, professional editorial 
advice, and any other original research work used or reported in my thesis. The content of my thesis 
is the result of work I have carried out since the commencement of my research higher degree 
candidature and does not include a substantial part of work that has been submitted to qualify for 
the award of any other degree or diploma in any university or other tertiary institution. I have 
clearly stated which parts of my thesis, if any, have been submitted to qualify for another award. 
I acknowledge that an electronic copy of my thesis must be lodged with the University Library and, 
subject to the policy and procedures of The University of Queensland, the thesis be made available 
for research and study in accordance with the Copyright Act 1968 unless a period of embargo has 
been approved by the Dean of the Graduate School. 
I acknowledge that copyright of all material contained in my thesis resides with the copyright 
holder(s) of that material. Where appropriate I have obtained copyright permission from the 
copyright holder to reproduce material in this thesis. 
 
 
 
 
 
 
 
 
 
 
 
IV 
 
Publications during candidature 
Peer-reviewed paper: 
• D.Liu, M. Martinez-Sanz, P. Lopez-Sanchez, E.P.Gilbert, M.J.Gidley (2017) Adsorption 
behaviour of polyphenols on cellulose is affected by processing history, Food Hydrocolloids, 
63, 496-507. (Incorporated in Chapter 4) 
Conference abstracts and presentations: 
• D. Liu, P. Lopez-Sanchez, M.J. Gidley. The role of plant cell walls in controlling the 
bioaccessibility of polyphenols: effect of food processing on physicochemical properties of 
cell walls. 252nd American Chemical Society (ACS) National Meeting & Exposition, 21st -
25th August, Philadelphia, USA, 2016 (oral presentation) 
• D.Liu, G.Netzel, M.J.Gidley, Interactions between plant cell wall polysaccharides and native 
apple polyphenols: Assess the bioaccessibility and bioavailablity of polyphenols. The 5th 
International Conference on Plant Cell Wall Biology, 27th -31st July, Palm Cove, Australia, 
2014 (poster presentation) 
• D.Liu, M.J.Gidley, Effect of food processing on polyphenol bioaccessibility from fruits and 
vegetables. 2014 Australian Food Science Summer School (AIFST), 5th-7th February, 
Brisbane, Australia, 2014 (poster presentation) 
 
 
 
 
 
 
 
 
 
V 
 
Publications included in this thesis 
D.Liu, M. Martinez-Sanz, P. Lopez-Sanchez, E.P.Gilbert, M.J.Gidley (2017) Adsorption behaviour 
of polyphenols on cellulose is affected by processing history, Food Hydrocolloids, 63, 496-507. 
(Incorporated in Chapter 4) 
Contributor Statement of contribution 
Dongjie Liu (Candidate) Designed experiments (75%) 
Performed binding experiments (100%) 
Statistical analysis of data (100%) 
Paper writing (90%) 
Marta Martinez-Sanz Performed SAXS/SANS/XRD experiment 
(100%) 
Analysed SAXS/SANS/XRD data (100%) 
Edited paper (10%) 
Patricia Lopez-Sanchez Designed experiments (5%) 
Edited paper (15%) 
Elliot P Gilbert Edited paper (5%) 
Michael J Gidley Designed experiments (20%) 
Paper writing (10%) 
Edited paper (70%) 
 
 
 
 
 
 
 
 
 
VI 
 
Contributions by others to the thesis 
Advice on project conception, experimental design, and the interpretation of research data as well as 
critical revision of thesis chapters were contributed by my advisory team: Professor Mike Gidley, 
Dr Patricia Lopez-Sanchez. In addition, Dr Sushil Dhital was involved during these processes for 
Chapter 6. Non-routine technical work involving various chemical analyses, SEM microscopy, 
SAXS/SANS study were contributed by other people as detailed in the following table: 
Contributor Statement of contribution 
Dr Sushi Dhital Consulted for experimental design in Chapter 6 
Consulted for statistical analysis in Chapter 6 
Proof-reading and correction for Chapter 6 
Dr Marta Martinez-Sanz Conducted SAXS/SANS/XRD studies and data 
analysis in Chapter 4 and Chapter 5 
Proof-reading and correction for Chapter 4 and 
Chapter 5 
Dr Francesca Sonni Assisted in UPLC-PDA analysis in Chapter 5 and 
Chapter 6 
Assisted in mono-saccharides and uronic acids 
analysis in apple cell wall extracts in Chapter 5 and 
Chapter 6 
Dr Deirdre Mikkelsen Assisted in bacterial cellulose production in Chapter 4 
Dr Dongjie Wang Obtained SEM images in Chapter 4 
 
Statement of parts of the thesis submitted to qualify for the award of another 
degree 
None. 
 
VII 
 
Acknowledgements 
The success and final outcome of this study required a lot of guidance and assistance from many 
people. I would like to take this opportunity to thank all the people who helped me with their 
valuable support during the entire journey of research. 
My deep gratitude goes first to my supervisor Professor Michael J Gidley, who expertly guided me 
through my graduate education and who shared the excitement of four years of discovery. He is the 
only person I know who is super busy in work, yet still has time to care about others and explains 
chemistry in the simplest way. His unwavering enthusiasm for food science and nutrition kept me 
constantly engaged with my research and his personal generosity helped make my time at UQ 
enjoyable. He set a wonderful example for me at my earliest beginning of career in research. I am 
honoured to be one of his student and I will follow his step and try to be as good as him. I also 
express my warmest gratitude to my other supervisor Dr Patricia Lopez-Sanchez. Her guidance into 
the world of plant cell walls and supervisor in laboratory analysis have been essential during this 
work. Constant encouragement and timely advice throughout my research period helped me bring 
this study into success.  
My appreciation also extends to all CoE-UQ staff. I am grateful to Dr Sushil Dhital for providing 
me necessary technical suggestions during my research pursuit and constructive comments and 
suggestions especially for Chapter 6, that made this study possible and successful.  
I would like to express my deep thanks to Dr Marta Martinez-sanz for her help in 
SAXS/SNAS/XRD performance and valuable help and suggestions in preparation of the 
manuscripts.  
I would also like to thank Professor Xiaodong Chen (Xiamen University, China) for providing 
DIVRSD model and Dr Peng Wu for patiently training me in using digestion model and enriching 
my knowledge in food digestion models.  
Dr Francesca Sonni and Dr Jennifer Waanders were acknowledged for assistance in using the 
Waters UPLC system. I specially thank Dr Gabi Netzel, Dr Dongjie Wang and Dr Bernadine 
Flanagan for research assistance on this project. Many thanks to Dr Deirdre Mikkelsen and Dr Nima 
Gunness for your help and encouragement during my PhD study. 
To all the staff and students present and past in CNAFS and SAFS. Thank you for your interactions, 
chats in the hallways/tea room/office. Special thanks to my office mate-Dehui Lin & Shahram 
VIII 
 
Niknafs for your friendship, chats, laughs and just for being here. It was the best office time with 
you.  
I sincerely thank all my Chinese friends who are my family in Australia. I would like to thank 
Honglei Zhai & Hongyan Li who are my first family in Australia. I also appreciate the company of 
Zhenyu Wang. Thank you for making my life in Australia unforgettable. Special thanks to Guangli 
Feng & Shiyi Lu for helping me go through the most difficult time. To all my Chinese friends not 
specially mentioned. Your company and friendship have and will always be precious. 
Without the financial support provided by China Scholarship Council (CSC), the University of 
Queensland and the ARC Centre of Excellence in Plant Cell Walls, my study would never have 
started. 
Last but not the least, I would like to thank my beloved Mum and Dad. Thank you for your selfless 
love and limitless generosity that allow me to pursue the life I dreamed of. You are the best parents 
in the world who helped me grow up and also gave me the space to learn myself grow up. I love 
you.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
IX 
 
Key words 
Polyphenols, bacterial cellulose, apple cell walls, food processing, membrane integrity, 
bioaccessibility, adsorption isotherms, microstructure, in vitro gastric digestion 
 
Australian and New Zealand Standard Research Classifications (ANZSRC) 
ANZSRC code: 090801, Food Chemistry and Molecular Gastronomy (excl. Wine), 40% 
ANZSRC code: 090803, Food Nutritional Balance, 30% 
ANZSRC code: 090805, Food Processing, 30% 
 
Fields of Research (FoR) Classification 
FoR code: 0908, Food Sciences, 100% 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
X 
 
Tables of content 
Abstract ..................................................................................................................................... I!
Declaration by author ........................................................................................................... III!
Contributions by others to the thesis ................................................................................... VI!
Acknowledgements ............................................................................................................... VII!
Key words .............................................................................................................................. IX!
List of Tables ...................................................................................................................... XXI!
List of Abbreviations ...................................................................................................... XXIII!
CHAPTER 1 INTRODUCTION ............................................................................................ 1!
1.1 Project Background ................................................................................................................. 1!
1.2 Hypotheses ................................................................................................................................ 2!
1.3 Studies and objectives .............................................................................................................. 3!
1.3.1 Study I – Polyphenol localization in apple tissues and their release under different 
processing conditions (Chapter 3) ................................................................................................ 3!
1.3.2 Study II – Adsorption behaviour of polyphenols on cellulose and effects of different        
processing conditions (Chapter 4) ................................................................................................ 3!
1.3.3 Study III – Adsorption isotherm studies on the interaction between polyphenols and apple 
cell walls (Chapter 5) .................................................................................................................... 3!
1.3.4 Study IV – In vitro digestion of apples using a dynamic stomach model (Chapter 6) ........ 3!
CHAPTER 2 LITERATURE REVIEW ................................................................................ 4!
2.1 Polyphenols ............................................................................................................................... 4!
2.1.1 Polyphenols in food and benefits associated with polyphenols intake ................................ 4!
2.1.2 General categories of polyphenols in fruits and vegetables ................................................ 5!
2.1.3 Polyphenols in apples .......................................................................................................... 8!
2.1.4 Localization in plant cells .................................................................................................. 10!
2.2 The plant cell wall ................................................................................................................... 11!
2.2.1 General plant cell wall structure ........................................................................................ 12!
2.2.2 Cellulose ............................................................................................................................ 13!
XI 
 
2.2.3 Hemicellulose .................................................................................................................... 14!
2.2.4 Pectin matrix ...................................................................................................................... 14!
2.3 Bacterial cellulose – a plant cell wall model ......................................................................... 16!
2.3.1 Bacterial cellulose and its applications .............................................................................. 16!
2.3.2 Cellulose synthesis ............................................................................................................. 17!
2.3.3 Plant cell wall analogues and structural characteristics ..................................................... 17!
2.4 Digestion and bioaccessibility of bioactive phenolics in plant-based food ........................ 18!
2.4.1 Digestion and absorption of phenolic compounds ............................................................. 18!
2.4.2 In vivo- and in vitro- methods used in assessing nutrient bioaccessibility ........................ 20!
2.4.3 Factors controlling the bioaccessibility of polyphenols .................................................... 22!
2.4.4 Limitation in the bioaccessibity of polyphenols during upper gastrointestinal digestion . 25!
2.5 The role of food processing in regulating the bioaccessibility of polyphenols .................. 28!
2.5.1 Food processing applied to plant-based food .................................................................... 28!
2.5.2 Impacts of food processing on the bioaccessibility of polyphenols .................................. 29!
2.6 Knowledge in gaps and research aims .................................................................................. 32!
CHAPTER 3 POLYPHENOL BIOACCESSIBILITY FROM APPLE TISSUE DEPENDS ON 
THEIR LOCATION AND RELEASE UNDER DIFFERENT FOOD AND DIGESTIVE 
PROCESSING CONDITIONS ............................................................................................. 34!
3.1 Introduction ............................................................................................................................ 35!
3.2 Materials and methods ........................................................................................................... 36!
3.2.1 Thermal processing and pH treatments ............................................................................. 36!
3.2.2 Polyphenols analysis using high performance liquid chromatography (HPLC) ............... 37!
3.2.3 Staining procedures ........................................................................................................... 38!
3.2.4 Confocal laser scanning microscopy (CLSM) ................................................................... 39!
3.2.5 Light microscopy ............................................................................................................... 39!
3.2.6 Total phenolic content ....................................................................................................... 39!
3.3 Results ...................................................................................................................................... 40!
3.3.1 Apple polyphenol profiles ................................................................................................. 40!
XII 
 
3.3.2 Cell viability evaluation ..................................................................................................... 41!
3.3.3 Neutral Red (NR) as a probe for the integrity of vacuoles ................................................ 43!
3.3.4 Intracellular flavonoid visualization in fresh parenchyma tissue of apple ........................ 44!
3.3.5 Thermal processing releases flavonoids from vacuoles .................................................... 45!
3.3.6 pH effects on polyphenol localization ............................................................................... 49!
3.3.7 Polyphenol release by heat and acid .................................................................................. 51!
3.4 Discussion ................................................................................................................................ 52!
3.5 Conclusions ............................................................................................................................. 55!
CHAPTER 4 ADSORPTION BEHAVIOUR OF POLYPHENOLS ON CELLULOSE IS 
AFFECTED BY PROCESSING HISTORY ....................................................................... 56!
4.1 Introduction ............................................................................................................................ 57!
4.2 Materials and methods ........................................................................................................... 59!
4.2.1 Bacterial cellulose hydrogel production ............................................................................ 59!
4.2.2 Hydrothermal treatment of cellulose hydrogels by boiling and autoclaving ..................... 59!
4.2.3 Freeze-drying and grinding of cellulose hydrogels ........................................................... 59!
4.2.4 Rehydration of freeze-dried samples ................................................................................. 60!
4.2.5 Polyphenol adsorption experiments ................................................................................... 60!
4.2.6 X-ray diffraction (XRD) .................................................................................................... 61!
4.2.7 Small angle X-ray and neutron scattering (SAXS and SANS) .......................................... 61!
4.2.8 Scanning Electron Microscopy (SEM) .............................................................................. 63!
4.3 Results ...................................................................................................................................... 63!
4.3.1 Adsorption kinetics ............................................................................................................ 63!
4.3.2 Effect of hydrothermal treatments ..................................................................................... 65!
4.3.3 Effect of drying and mechanical treatments ...................................................................... 66!
4.3.4 Rehydration prior to polyphenol contact ........................................................................... 68!
4.3.5 Morphology of native and processed cellulose hydrogels ................................................. 69!
4.3.6 Multi-scale ribbon architecture of native and processed cellulose hydrogels ................... 71!
4.4 Discussion ................................................................................................................................ 78!
XIII 
 
4.4.1 General features of interactions between polyphenol and cellulose .................................. 78!
4.4.2 Effect of hydrothermal and freeze-drying treatments on polyphenol binding capacity as 
related to the cellulose network architecture and ribbon structure ............................................. 79!
4.4.3 Polyphenol-cellulose binding mechanism ......................................................................... 81!
4.5 Conclusions ............................................................................................................................. 82!
CHAPTER 5 ADSORPTION ISOTHERM STUDIES ON THE INTERACTION BETWEEN 
POLYPHENOLS AND APPLE CELL WALLS: EFFECTS OF VARIETY, HEATING AND 
DRYING ................................................................................................................................. 84!
5.1 Introduction ............................................................................................................................ 85!
5.2 Materials and methods ........................................................................................................... 86!
5.2.1 Materials ............................................................................................................................ 86!
5.2.2 Pre-treatment of cell walls ................................................................................................. 86!
5.2.3 Preparation of cell walls .................................................................................................... 87!
5.2.4 Adsorption experiment ...................................................................................................... 87!
5.2.5 Adsorption Model fitting ................................................................................................... 88!
5.2.6 Chemical composition ....................................................................................................... 89!
5.2.7 Confocal laser scanning microscopy (CLSM) ................................................................... 89!
5.2.8 Small angle X-ray scattering ............................................................................................. 90!
5.2.9 X-ray diffraction (XRD) .................................................................................................... 90!
5.3 Results ...................................................................................................................................... 90!
5.3.1 Cell wall characterization .................................................................................................. 90!
5.3.2 Adsorption isotherms analysis of different polyphenols ................................................... 91!
5.3.3 Comparison of different apple varieties ............................................................................ 92!
5.3.4 Comparison of different processing treatments ................................................................. 93!
5.3.5 Effects of cell wall polysaccharides altered by food processing ....................................... 94!
5.3.6 Effects of pH ...................................................................................................................... 95!
5.3.7 Overall microstructure of apple cell walls ......................................................................... 95!
5.3.8 Nanostructure of cell walls after different processing ....................................................... 96!
XIV 
 
5.4 Discussion .............................................................................................................................. 100!
5.5 Conclusions ........................................................................................................................... 104!
CHAPTER 6 IN VITRO DIGESTION OF APPLE TISSUE USING A DYNAMIC 
STOMACH MODEL: GRINDING AND CRUSHING EFFECTS ON POLYPHENOL 
BIOACCESSIBILITY ......................................................................................................... 105!
6.1 Introduction .......................................................................................................................... 106!
6.2 Materials and methods ......................................................................................................... 107!
6.2.1 Chemicals ........................................................................................................................ 107!
6.2.2 Sample preparation .......................................................................................................... 107!
6.2.3 Simulated in vitro DIVRSD digestion ............................................................................. 108!
6.2.4 Total polyphenol analysis ................................................................................................ 109!
6.2.5 Chemical extraction ......................................................................................................... 109!
6.2.6 Polyphenol identification using UPLC ............................................................................ 109!
6.2.7 Observation of cell walls ................................................................................................. 110!
6.2.8 Mucin-polyphenol interactions ........................................................................................ 111!
6.2.9 Statistical analysis ............................................................................................................ 111!
6.3 Results .................................................................................................................................... 111!
6.3.1 Food disintegration determines polyphenol bioaccessibility during simulated gastric 
digestion .................................................................................................................................... 111!
6.3.2 Mucin decreases polyphenol release ............................................................................... 112!
6.3.3 Binding of polyphenols to mucin and cell walls ............................................................. 113!
6.3.4 Apple tissue microstructure before and after in vitro digestion ...................................... 114!
6.3.5 Digestive fate of major polyphenols ................................................................................ 115!
6.4 Discussion .............................................................................................................................. 119!
6.4.1 Mechanical disruption is the key to polyphenol release .................................................. 119!
6.4.2 Mucin interactions can modulate polyphenol release ...................................................... 120!
6.4.3 Polyphenol stability and differential release .................................................................... 122!
6.5 Conclusions ........................................................................................................................... 123!
XV 
 
CHAPTER 7 GENERAL CONCLUSIONS AND FUTURE DIRECTIONS ................ 124!
BIBLIOGRAPHY ................................................................................................................ 127!
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
XVI 
 
List of Figures 
Fig 2. 1 Classification and chemical structures of major classes of dietary polyphenols .......... 6!
Fig 2.2 Chemical structures of Flavonoids ................................................................................ 7!
Fig 2. 3 Chemical structures of phenolic acids .......................................................................... 8!
Fig 2. 4 Epicatechin dimers indicating the differences in C4-C8 and C4-C6 interflavan linkages and 
the relative position of functional groups in epicatechin dimers ............................................... 9!
Fig 2.5 Structures of major apple procyandins and basic procyanidins : procyanidin B1[epicatechin-
(48)-catechin]; (+)-catechin; procyanidin B2[epicatechin-(48)-epicatechin]; (-)-
epicatechin; procyanidin C1[epicatechin-(48)-epicatechin-(48)-epicatechin] ......... 10!
Fig 2. 6 Chemical structures of phloretin and phloridzin ........................................................ 10!
Fig 2. 7 Schematic illustration showing proposed assembly of main cell wall components in the 
primary wall and the sandwich-like secondary wall ................................................................ 13!
Fig 2. 8 The chemical structure of cellulose ............................................................................ 13!
Fig 2. 9 Chemical structures of major hemicelluloses ............................................................. 14!
Fig 2. 10 Bacterial cellulose hydrogels produced by Komagataeibacter xylinus and scanning 
electron microscopy image of micro-architecture of BC (scale bar = 1µm) ........................... 16!
Fig 2. 11 Schematic description of cellulose biosynthesis from Komagataeibacter xylinus ... 17!
Fig 2. 12 General absorption pathway of polyphenols in humans and comparison of association of 
phenolic compounds with fibre ................................................................................................ 20!
Fig 2. 13 Diagram illustrating (A) cell rupture of fresh raw fruits and vegetables that releases cell 
contents as shown by the grey arrows and (B) cell separation in cooked vegetables and mealy fruits 
where intact cells encapsulating cell contents remained (black circles represent cell contents such as 
carotene, polyphneols) ............................................................................................................. 23!
Fig 2. 14 Changes in structure and properties of the plant cell wall during processing .......... 32!
Fig 3. 1 Apple sectioning procedure ........................................................................................ 37!
Fig 3. 2 Fresh apple sections incubated with FDA stain for 5 min (A), 10 min (B) and 20 min (C) 
observed under confocal laser scanning microscopy. The images show different levels of FDA 
uptake represented by the intensity of the green colour. After 20 min incubation, clear and intact 
XVII 
 
outlines of apple cells could be observed. Black areas represent damaged cells with no FDA 
fluorescence at the edge of the sample (D) .............................................................................. 42!
Fig 3. 3 Confocal laser scanning images of a handcut section of apple flesh incubated with FDA for 
20 min, taken at different depths into the sample i.e. 47.53µm (surface), with no viable cells 
observed due to hand-cutting; 166.36µm (middle), with intact cells visible; 297.08µm (bottom), 
with some green fluorescence visible from upper layer of cells .............................................. 42!
Fig 3. 4 Fresh apple sections double-stained with P4B (A) and FDA (B) observed under confocal 
laser scanning microscopy. P4B binds to cell walls (red). FDA staining reveals intact living cells 
(green), FDA might bind to cell walls. Co-localized P4B (red) and FDA (green) fluorescence show 
bright yellow (C). ..................................................................................................................... 43!
Fig 3. 5 Fresh apple section stained with Neutral Red observed by light microscopy (A) and 
confocal laser scanning microscopy (B). Under light microscopy, the living cells containing 
absorbed NR are red, whilst dead cells are shown in white-yellow and empty areas are black. Under 
CLSM, living cells are represented in red. ............................................................................... 44!
Fig 3. 6 Auto-fluorescence and NA induced fluorescence of an identical apple tissue section is 
observed under confocal laser scanning microscopy. An apparent increased fluorescence signal 
induced by NA appears in B. ................................................................................................... 45!
Fig 3. 7 CLSM images of NA and P4B induced fluorescence in apple tissues (C). Blue fluorescence 
represents flavonoid-accumulating areas after NA staining (A). Cell walls of apple cells are red 
after P4B staining (B). ............................................................................................................. 45!
Fig 3. 8 Uptake of NR by the apple parenchyma tissue after thermal processing under light 
microscopy. Arrows in D, I, J reflect the faint staining ........................................................... 47!
Fig 3. 9 Confocal FDA/P4B fluorescence images of the apple parenchyma tissue. Columns 
represent the images result of the processing time: 5 min, 10 min, 20 min. Rows pertain to thermal 
treatments 60 °C, 70 °C , 80 °C . Areas of green fluorescence show viable cells with intact 
membrane. Red fluorescence represents cell walls. ................................................................. 48!
Fig 3. 10 Localization of polyphenols (flavonoids) in apple parenchyma tissues by confocal laser 
scanning microscopy. (A) NA-stained fluorescence in fresh sample; (B) NA-stained fluorescence in 
boiled sample in which there is no intact cell membrane; (C) Enlargement of thermal treated apple 
parenchyma cross-section in G shows co-localization of NA (blue) and P4B (red); (D, E) NA-
stained fluorescence in samples subjected to different thermal treatments; (F, G, H, I) NA/P4B 
fluorescence in samples subjected to different thermal treatments. ......................................... 49!
XVIII 
 
Fig 3. 11 (A) Uptake of NR by apple parenchyma tissue after acidic treatments under light 
microscopy. (B) Confocal FDA/P4B fluorescence images of apple parenchyma tissue subjected to 
treatment at pH 2, pH 3, pH 4 and pH 5 for 30min. The cell membrane can apparently survive 
prolonged low pH exposure. .................................................................................................... 50!
Fig 3. 12 Confocal NA/P4B fluorescence images of control (fresh), and acid treated (pH 2 and pH 5 
for 30min) apple parenchyma tissue. ....................................................................................... 50!
Fig 4. 1 Adsorption of different polyphenols (0.5 mM polyphenol solution in 0.1 M 
citrate/phosphate buffer, pH 3.8) onto untreated bacterial cellulose with increasing exposure time (A) 
and increasing concentration observed at 2 h exposure time (B) at 25  under constant shaking. 
 .................................................................................................................................................. 65!
Fig 4. 2 Adsorption of polyphenols on cellulose modified by different boiling processing (A) and 
autoclaving processing (B) after 2h contact time. .................................................................... 66!
Fig 4. 3 Adsorption of phloridzin to cellulose modified by freeze drying and rehydrating processing 
over 24h (A) and the adsorption of different polyphenols on freeze-dried cellulose, freeze-dried and 
ground cellulose, and native cellulose hydrogel (B). ............................................................... 67!
Fig 4. 4 The adsorption of epicatechin on cellulose treated by different freeze drying time after 2 h 
contact time. ............................................................................................................................. 68!
Fig 4. 5 Kinetics of the adsorption of epicatechin on dried cellulose after different rehydration 
extents over 24 h. ..................................................................................................................... 69!
Fig 4. 6 Scanning electron micrographs of fresh BC (A), boiled BC (B), autoclaved BC (C), freeze 
dried BC (D) and rehydrated BC (E) at the same scale (1µm), showing the aggregation of the 
cellulose ribbons after freeze drying and rehydration. ............................................................. 71!
Fig 4. 7 XRD patterns of native and processed cellulose hydrogels. ....................................... 76!
Fig 4. 8 (A) SAXS patterns of native and processed cellulose hydrogels (soaked in H2O) and (B) 
Kratky plot showing the peak detected in the freeze-dried sample rehydrated in water and 
subsequently soaked in the polyphenol solution. Solid lines correspond to the fitting of the 
experimental data using the core-shell model. ......................................................................... 76!
Fig 4. 9 SANS patterns of native and processed cellulose hydrogels (soaked in D2O). Solid lines 
correspond to the fitting of the experimental data using the core-shell model. ....................... 77!
XIX 
 
Fig 4. 10 Schematic representation of the multi-scale ribbon structure of cellulose native and 
processed hydrogels based on the parameters obtained from the XRD, SAXS and SANS 
characterisation ........................................................................................................................ 77!
Fig 5. 1 Adsorption curves of three polyphenols on Pink Lady apple cell walls ..................... 92!
Fig 5. 2 Adsorption experiments on apple cell walls from different varieties at pH 2, 3, 4, 5 at 20
 .................................................................................................................................................. 95!
Fig 5. 3 Confocal images of cell walls (in green) from different apple cultivars stained with 
Calcofluor white ....................................................................................................................... 96!
Fig 5. 4 CLSM micrographs of Pink Lady apple cell walls (in green) subjected to boiling, oven-
drying and freeze-drying .......................................................................................................... 96!
Fig 5. 5 XRD patterns of the air-dried samples ....................................................................... 98!
Fig 5. 6 (A) SAXS patterns of the Pink Lady apple CW samples in their native state (partially 
hydrated) and (B) SAXS Kratky plot of the air-dried apple samples ...................................... 99!
Fig 5. 7 Proposed cellulose microfibril structure based on the SAXS fitting results ............ 100!
Fig 6. 1 Illustration of the dynamic in vitro rat stomach-duodenum (DIVRSD) model. (1) soft-
elastic silicon rat stomach model; (2) angled plate; (3) eccentric wheel; (4) driving shaft; (5) stepper 
motor; (6) bevel gear; (7) belt; (8) silicon rat duodenum model; (9) pulley system; (10) frequency 
controller; (11) tube for collection of duodenal digesta; (12) syringe pump; (13) temperature-
controlled box ........................................................................................................................ 110!
Fig 6. 2 Total polyphenol release from apple matrix with the particle size range of 1.0 mm-2.8 mm 
and 2.8 mm - 5.6 mm in dynamic gastric digestion model. Control samples are incubated in gastric 
juice under static conditions ................................................................................................... 112!
Fig 6. 3 Total polyphenol release from apple matrix with the particle size range of 1.0 mm - 2.8 mm 
and 2.8 mm - 5.6 mm at the presence of mucin in dynamic gastric digestion model. Control samples 
are incubated in gastric juice with mucin at the same concentration as samples under static 
conditions ............................................................................................................................... 113!
Fig 6. 4 Confocal images illustrating the interactions between apple cell walls (CW) and 
polyphenols. Blue represents epicatechin (EPI), green represents chlorogenic aicd (CA) and orange 
represents phloridzin (PH) ..................................................................................................... 114!
XX 
 
Fig 6. 5 Microstructure of apple tissues before (AB) and after digestion (CD). Crushing (EF) and 
shearing (IJ) forces are applied on apple tissues to mimic the stomach peristalsis and compare with 
digested tissue from central (GH) and broken areas (KL) ..................................................... 115!
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
XXI 
 
List of Tables 
Table 2. 1 Polyphenolic Content of Different Plant Foods and Beverages ............................... 4!
Table 3. 1 Excitation and emission wavelength of different stains ......................................... 39!
Table 3. 2 Polyphenols content of ‘Pink Lady’ apple fruit analysed by HPLC ....................... 40!
Table 3. 3 Intactness of cell membrane and vacuoles of apple parenchyma tissue subjected to 
thermal processing assessed by microscopy ............................................................................ 46!
Table 3. 4 Total polyphenol release following thermal and acidic treatments ........................ 51!
Table 4. 1 Crystallinity index (XC) and cross-sectional dimensions of crystallites sizes in the 
direction perpendicular to the (100), (010) and (110) planes (D(100), D(010) and D(110)), determined 
from the XRD patterns ............................................................................................................. 74!
Table 4. 2 Parameters obtained from SAXS fits of the power-law plus core-shell cylinder with 
polydisperse radius model for the native and the processed cellulose hydrogels (soaked in H2O) 
 .................................................................................................................................................. 74!
Table 4. 3 Parameters obtained from SANS fits of the power-law plus core-shell cylinder with 
polydisperse radius model for the native and the processed cellulose hydrogels (soaked in D2O) 
 .................................................................................................................................................. 75!
Table 5. 1 Monosaccharides composition of apple cell walls from different cultivars, expressed as 
percentage (%) of total monosaccharides ................................................................................ 91!
Table 5. 2 Langmuir, Freundlich and Redlich-Peterson parameters for the adsorption of different 
polyphenols on Pink Lady apple cell walls at pH 3.8 at room temperature ............................ 92!
Table 5. 3 Langmuir, Freundlich and Redlich-Peterson parameters for the adsorption of different 
polyphenols on apple cell walls of different varieties at pH 3.8 and room temperature ......... 93!
Table 5. 4 Langmuir, Freundlich and Redlich-Peterson parameters for the adsorption of different 
polyphenols on processed apple cell walls at pH 3.8 and room temperature .......................... 94!
Table 5. 5 Monosaccharides composition of apple cell walls under different processing conditions
 .................................................................................................................................................. 94!
Table 5. 6 Crystallinity index (XC) and cross-sectional dimensions of crystallite sizes in the 
direction perpendicular to the (1-10), (110) and (200) planes (D1-10, D110 and D200), determined from 
the XRD patterns of the air-dried samples ............................................................................... 98!
XXII 
 
Table 5. 7 Parameters obtained from the SAXS data fitting of native Pink Lady apple CW samples, 
using the core-shell model ....................................................................................................... 99!
Table 6. 1 Binding selectivity of polyphenols to mucin ........................................................ 113!
Table 6. 2 Concentration of phenolic compounds released during in vitro gastric digestion of 1.0 
mm - 2.8 mm apple particles .................................................................................................. 117!
Table 6. 3 Concentration of phenolic compounds released during in vitro gastric digestion of 2.8 
mm - 5.6 mm apple particles .................................................................................................. 118!
 
 
 
 
 
 
 
 
 
 
 
 
 
 
XXIII 
 
List of Abbreviations 
ATCC                                      American Type Culture Collection  
BC                                           Bacterial cellulose 
PCW                                        Plant cell wall 
CW                                          Cell walls 
SAXS                                      Small angle X-ray scattering 
SANS                                      Small angle neutron scattering 
XRD                                        X-ray diffraction 
SEM                                        Scanning electron microscopy 
CLSM                                     Confocal Laser Scanning Microscopy 
UPLC                                      Ultra performance liquid chromatography 
HPLC                                      High performance liquid chromatography 
FD                                           Freeze drying 
OD                                          Oven drying 
FDA                                        Fluorescein diacetate 
NA                                          Naturstoff reagent A 
NR                                          Neutral red 
P4B                                         Pontamine Fast Scarlet 4B (Direct Red 23) 
PA                                           Proanthocyanidins 
DIVRSD                                 Dynamic in vitro rat stomach duodenum  
EPI                                          Epicatechin 
CA                                          Chlorogenic acid 
PH                                           Phloridzin 
 
XXIV 
 
 
 
 
 
 
 
 
 
 
 
This work is dedicated to the most important people in my world: 
Chunfeng Shi & Jun Liu ~ my mum and dad
1 
 
CHAPTER 1 INTRODUCTION 
1.1 Project Background 
Food consumption that is rich in fruits and vegetables is highly recommended due to the abundant 
polyphenols and fibres which are associated with a reduced risk of several chronic and degenerative 
diseases [1, 2]. Since a large amount of polyphenols are primarily located within the vacuoles of 
plant cells, the nutritional effects of polyphenols depend not only on the amount consumed but also 
on their bioaccessibility (release from food matrix) and bioavailability after digestion. The potential 
role of fruit and vegetable polyphenols in preventing chronic disease has stimulated interest in the 
bioaccessibility and bioavailability of these phytonutrients from fruits and vegetables [3-5]. 
However, factors affecting the bioaccessibility of polyphenols from different forms of fresh and 
processed food matrices are less researched.  
In recent years, polyphenol/polysaccharide interactions have begun to receive greater attention due 
to their importance for selective extraction of polyphenols [6] and health consequences in terms of 
polyphenol bioaccessibility and bioavailability [7-10]. In some fruits, e.g. apple and grape, non- 
covalent binding of polyphenols to cell walls is proposed to be responsible for their limited 
bioaccessibility [11-15]. The interactions between cell wall polysaccharides (e.g. cellulose, pectin) 
and anthocyanins and phenolic acids from purple carrot [8, 9] also suggested that plant cell walls 
were a critical factor in influencing polyphenol bioaccessibility by providing both a physical barrier 
and a substrate for binding interactions. Therefore, the strong association with cell walls helps 
polyphenols escape from digestion in the stomach and small intestine. This leads to a limitation in 
the bioaccessibility of polyphenols in the upper gastro-intestinal tract.  
The interaction between polyphenols and cell walls is fast and spontaneous [8, 9], and is expected to 
occur whenever tissue degradation happens that releases intra-cellularly located polyphenols during 
food processing or chewing. It is not clear whether an improved or restricted bioaccessibility of 
polyphenols is obtained as a result of processing e.g. thermal, mechanical treatments. On one hand, 
disruption of the natural matrix or food microstructure during processing will exert an important 
effect on release of nutrients e.g. polyphenols and subsequent matrix-nutrient interactions. It has 
been reported that the loss of cell integrity in plant tissue by chewing or processing may lead to 
improved polyphenol release and higher extraction yields [16]. Mastication of almonds reduced the 
particle sizes and resulted in the release of nutrients for absorption [17]. The effects of 
microstructure-related changes imparted by processing on polyphenol bioaccessibility also depend 
on processing type and food origins. Cooking was found to favour cell separation rather than cell 
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disruption, thus effectively protecting the cell contents from release and digestion [18]. The particle 
size reduction of soft material e.g. mango [19] had a surprisingly small effects on carotenoid release 
in comparison with more solid and brittle material e.g. carrot in which cell structure was broken 
open making carotenoid more available for absorption [20, 21].   
On the other hand, processing controls the bioaccessibility of polyphenols by modifying the 
interactions between polyphenols and cell walls. It has been demonstrated that harsh drying of apple 
cell walls at 100 reduces their surface area due to a decrease in porosity, decreasing the affinity 
constant of the material for procyanidins per unit mass [15]. Thermal treatments can also trigger 
compositional changes in cell wall polysaccharides, especially pectin that may strongly influence 
procyanidin-cell wall complexes [22].  
From a nutritional perspective, only those polyphenols released from the food matrix are potentially 
bioavailable in the upper gastro-intestinal tract. However, evidence from polyphenol-cell wall 
complex formation suggests that these non-bioaccessible polyphenols may be resistant to human 
upper gastro-intestinal digestion. Saura-Calixto et al. indicated that approximately 48% of dietary 
polyphenols are bioaccessible in the small intestine, while 42% become bioaccessible in the large 
intestine [5]. An increased release of intracellular polyphenols is always accompanied by potential 
contact with the extracellular matrix (cell walls). It is possible that purees and similar pre-processed 
forms of e.g. fruits and vegetables would contain more bound phenolic components than fresh 
forms, as more release and subsequent contact are imparted by processing. Processing can therefore 
introduce factors important in controlling the bioaccessibility of polyphenols during digestion. 
Although polyphenol bioaccessibility and release during digestion are topics of current research 
interest, factors, especially processing-related factors affecting the bioaccessibility of polyphenols 
from the food matrix remain to be determined. The extent and scale of polyphenol bioaccessibility 
during digestion and processing should be extensively studied among diverse polyphenols.  
1.2 Hypotheses 
The hypotheses of this thesis include: 
1. Polyphenol release depends on tissue disruption and is increased by thermal processing, thus 
increasing the contact between polyphenols and cell walls (Chapter 3). 
2. Polyphenols are prone to bind to cellulose – a main component of cell walls (Chapter 4). 
3. The interactions between polyphenols and cellulose are affected by processing (Chapter 4). 
4. The binding capacities of cell walls under different food processing conditions could be 
assessed by adsorption isotherms (Chapter 5). 
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5. The binding capacities of cell walls are affected by cell wall polysaccharide composition, 
environment i.e. pH and microstructure of cell walls (Chapter 5). 
6. The release of polyphenols from apple tissues is dependent on particle sizes and could be 
influenced by destructive gastric forces and the digestive environment i.e. gastric mucin, pH 
(Chapter 6). 
1.3 Studies and objectives 
1.3.1 Study I – Polyphenol localization in apple tissues and their release under different processing 
conditions (Chapter 3) 
Objective 1: To observe the localization or accumulation of polyphenols before and after 
processing. 
Objective 2: To investigate the process conditions i.e. temperature, pH, time required for 
polyphenol release and subsequent cell wall binding. 
1.3.2 Study II – Adsorption behaviour of polyphenols on cellulose and effects of different        
processing conditions (Chapter 4) 
Objective 1: To investigate the adsorption behaviour of polyphenols on cellulose after 
heating or drying processes. 
Objective 2: To investigate the mechanisms behind the interactions between polyphenols 
and cellulose under different processing conditions. 
1.3.3 Study III – Adsorption isotherm studies on the interaction between polyphenols and apple cell 
walls (Chapter 5) 
Objective 1: To investigate and quantitatively compare the binding of apple polyphenols to 
cell walls by binding isotherms. 
Objective 2: To characterize the mechanisms of the interactions between polyphenols and 
cell walls as affected by processing. 
1.3.4 Study IV – In vitro digestion of apples using a dynamic stomach model (Chapter 6) 
Objective 1: To determine the bioaccessibility of polyphenols from apples during ‘near real’ 
in vitro gastric digestion. 
Objective 2: To investigate the fate of phenolic compounds in the presence of gastric mucin 
during in vitro gastric digestion. 
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CHAPTER 2 LITERATURE REVIEW 
2.1 Polyphenols 
2.1.1 Polyphenols in food and benefits associated with polyphenols intake 
Polyphenols are almost ubiquitous in plants which are part of the human diet and consumed as solid 
foods e.g. vegetables, cereals, fruits, nuts, legumes etc., and beverages e.g. wine, cider, beer, tea, 
cocoa, etc (Table 2.1). Among them, fruits and beverages such as tea and red wine represent the 
main sources of polyphenols [23]. Although polyphenols in fruits and vegetables are present at 
relatively low concentrations, in the range of 2 - 7500 mg/kg fresh weight or mg/L [24] depending 
on phenolic compounds and different sources of plant-based food, they play an important role in 
disease prevention [25]. Polyphenols are considered as antioxidants, metal chelators, antimutagens 
and anticarcinogens, antimicrobial agents and clarifying agents [26]. A number of in vivo studies 
have demonstrated that polyphenols can protect DNA from oxidative damage, for example the 
consumption of onions (rich in quercetin) or tea reduced the oxidation of lymphocytic DNA [28], 
and red grape juice concentrate inhibited lipid peroxidation of LDL by prolonging the lag phase 
[29]. Furthermore, polyphenols demonstrate the antioxidant properties indirectly, by altering gene 
expression via intracellular signaling cascades by, for example, reducing NF-κB or enhancing 
nuclear factor-like 2 (Nrf2) [30], thus stimulating the body’s own antioxidant and detoxification 
mechanisms. Flavonoids are considered as the main contributor to the antioxidant, anticarcinogenic 
and antiarteriosclerotic actions of tea [31]. Epidemiological studies have suggested that the 
consumption of soy products rich in isoflavones and whole-grain cereals, a main source of lignans, 
is associated with a lower cancer risk [32, 33]. Besides, they are responsible for colour, astringency 
and bitterness and contribute to the sensory profile of foods [27]. However, the bioavailability and 
properties of polyphenols are greatly affected by their interactions with other constituents of the 
food matrix. These appreciable amounts of polyphenols are called non-extractable polyphenols 
(NEPP) [34], including polymeric polyphenols or low molecular weight polyphenols bound to 
protein, polysaccharides or cell walls.  Only low molecular weight, mainly monomeric polyphenols 
are reported to be absorbed from polyphenol-containing food [3, 24], whereas only breakdown 
products from high molecular weight polyphenols may be absorbed after degradation by the 
microflora in the colon [35, 36].  
       Table 2. 1 Polyphenolic Content of Different Plant Foods and Beverages [37] 
        Food/Beveragea          Total Polyphenol Food/Beveragea    Total Polyphenols 
Cereals(mg/100g dm)   Fruits(mg/100g fm)  
         Barley 1200-1500              Blackcurrant 140-1200 
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         Corn 30.9              Blueberry 135-280 
         Millet 590-1060              Cherry 60-90 
         Oats 8.7              Cowberry 128 
         Rice 8.6              Cranberry 77-247 
         Sorghum 170-10260              Gooseberry 22-75 
         Wheat 22-40              Gape 50-490 
               Grapefruit 50 
Legumes(mg/100 dm)               Orange 50-100 
         Black gram 540-1200              Peach 10-150 
         Chickpeas 78-230              Pear 2-25 
         Cowpeas 175-590              Plum 4-225 
         Common beans 34-280              Raspberry 37-429 
         Green gram 440-800              Red currant 17-20 
         Pigeon peas 380-1710              Strawberry 38-218 
               Tomato 85-130 
Nuts(% dm)     
         Betel nuts 26-33         Fruit juices(mg/L)  
         Cashew nuts 33.7              Apple juice 2-16 
         Peanuts 0.04              Orange juiceb 370-7100 
         Pecan nuts 8-14   660-1000 
          Beverages  
Vegetables(mg/100g fm)                Tea leaves(% dm)  
         Brussels sprouts 6-15               Green 20-35 
         Cabbage 25               Black 22-33 
         Leek 20-40               Tea, cup(mg/200mL) 150-210 
         Onion 100-2025               Coffee beans(% dm) 0.2-10 
         Parsley 55-180               Coffee, cup(mg/150mL) 200-550 
         Celery 94               Cacao beans(% dm) 12-18 
                Wine(mg/L)  
Fruits(mg/100g fm)                White 200-300 
         Apple 27-298               Red 1000-
4000(6500) 
         Apricot 30-43               Beer(mg/L) 60-100 
            adm=dry matter; fm=fresh matter. bValues for different orange varieties. 
2.1.2 General categories of polyphenols in fruits and vegetables 
Polyphenols are divided into several classes according to the number of phenol rings and the 
structural elements that bind these rings to one another. Generally speaking, phenolic compounds in 
plants include simple phenols and flavonoids, and complex polymeric molecules i.e. tannins. The 
main categories of polyphenols in fruits and vegetables are flavonoids and phenolic acids (Fig 2.1) 
[23, 24, 26, 37]. Phenolic acids account for one-third of the dietary intake of polyphenols and 
flavonoids make up the other two-thirds of the total dietary polyphenols [1]. 
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Fig 2. 1 Classification and chemical structures of major classes of dietary polyphenols [38] 
2.1.2.1 Flavonoids 
Flavonoids are molecules with a phenolic benzopyran structure and can be divided into six 
subclasses: flavones, flavonols as the most ubiquitous flavonoid in foods, flavanols existing in both 
the monomer form (catechin) and the polymer form (proanthocyanidins), flavanones present in high 
concentrations in citrus fruit, isoflavones only provided by soybean-derived products, and 
anthocyanins, according to the degree of oxidation of the oxygen heterocycle (Fig 2.2) [26]. Most 
flavonoids consist of diphenylpropanes ((2,-C,-C,) and two aromatic rings linked through three 
carbons that usually form an oxygenated heterocycle, and usually exist as glycosidic derivatives, 
and are located within the large vacuoles of fruits and vegetables. Some of the most common 
flavonoids are quercetin, abundant in onion, tea and apple; catechin, found in citrus fruits; cyanidin, 
a colour contributor in e.g. blackcurrant, raspberry, strawberry, etc.; proanthocyanidins, common in 
many fruits such as apple, grape, cocoa and responsible for their characteristic astringency or 
bitterness [39].   
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Fig 2.2 Chemical structures of Flavonoids [24] 
 
2.1.2.2 Phenolic acids 
Phenolic acids are a group of simple phenolics that can be divided into two classes: derivatives of 
cinnamic acid (hydroxycinnamic acids, C6-C3) and derivatives of benzoic acid (hydroxybenzoic 
acids, C6-C1) as shown in Fig. 2.3. The most common hydroxycinnamic acids are caffeic acid and 
ferulic acid. Caffeic acid is found both in free form and in the form of esters. It is generally the most 
abundant phenolic acid and represents between 75 % and 100 % of the total hydroxycinnamic acid 
content of most fruit [24]. Ferulic acid, the most abundant hydroxycinnamic acid found in cereals, is 
associated with dietary fiber and is linked through ester bonds to hemicelluloses. In tomatoes or 
beer, there is a small amount of efficiently absorbed ferulic acid in free form [40, 41]. One of the 
main food sources of ferulic acid is wheat bran (5 mg/g) [42].  Hydroxybenzoic acids are 
components of complex structures such as hydrolysable tannins (gallotannins in mangoes and 
ellagitannins in red fruit such as strawberries, raspberries and blackberries) [24]. 
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Fig 2. 3 Chemical structures of phenolic acids [24] 
 
2.1.3 Polyphenols in apples 
Apples are an excellent source of several phenolic compounds. In the US and Europe, apples are a 
very significant source of flavonoids in people’s diet. In Finland, apples and onion are the main 
source of phenolics [43]. In the United States, twenty-two percent of the phenolics consumed from 
fruits are from apples making them the largest source of phenolics [44]. It has been reported that the 
contents of total polyphenols in apples are between 66.2 and 211.9 mg/100 g of fresh weight 
depending on the variety [45]. Sun et al. [46] found that apples had the highest soluble free 
phenolics when compared to ten other commonly consumed fruits. Furthermore, the polyphenols in 
apples are relatively simple, compared to other polyphenol-rich fruits e.g. grapes. Polyphenols in 
apples are mainly composed of hydroxycinnamic acids, dihydrochalcones, flavan-3-
ols/procyanidins and flavonols [47]. Apples are widely used in processed foods and beverages such 
as apple juice, jam, chips etc. In this sense, apples are a good model to investigate suitable 
preparation and processing methods for manipulating bioaccessibility and thus influence the site of 
release (small intestine vs large intestine) and potential bioactivities of food polyphenols. Another 
important reason to choose apples as a plant tissue model is that apple polyphenols are well-studied 
and characterised in the scientific literature [45, 47-53].  This comprehensive knowledge of 
polyphenols in apples provides a solid foundation for studies of their absorption and thus bioactive 
effects during digestion.  
A major potential problem is that polyphenols vary to a great extent between apple varieties and as 
a result of different food processing conditions. Many of the phenolics are linked with sugar 
moieties such as galactose (main sugar in apples), glucose, rhamnose, xylose and arabinose [54], 
which content could vary after processing. In general, among different classes, procyanidin B2 
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(flavan-3-ols), epicatechin (flavan-3-ols) and phloridzin (dihydrochalcone derivatives) are present 
as major phenolics in apple cultivars [55]. 
Procyanidins/flavan-ols are the main phenolic compounds found in all apple varieties, accounting 
for 49-86 % of total polyphenols depending on the variety [48, 49]. They are condensed tannins and 
contribute to the organoleptic properties of cider, due to their astringency and bitter taste [56]. 
Procyanidins consist of oligomers and polymers of catechin units most frequently linked either C4
C8 or C4C6 (Fig 2.4).  Compared with the fruit, the average degree of polymerization of 
procyanidins, which is a crucial determinant of interactions with cell walls, was significantly 
reduced in apple juice [49]. During pressing, apple procyanidins may associate with cell-wall 
insoluble polysaccharides and be partly retained on the pomace. Processing such as crushing and 
pressing also induce enzymatically catalyzed oxidation by polyphenol oxidase. Among different 
apple polyphenol classes (hydroxycinnamic acids and flavonoids) only procyanidins were found to 
be bound to cell walls [57].  
 
Fig 2. 4 Epicatechin dimers indicating the differences in C4-C8 and C4-C6 interflavan linkages and 
the relative position of functional groups in epicatechin dimers [58] 
Two mononers of procyanidins, catechin and epicatechin (Fig 2.5) were also identified from the 
peel and flesh of apples. Epicatechin was always the predominant constitutive unit, accounting for 
more than 95 % of total units for all fractions [59]. The esterification of epicatechin with gallic acid 
at the C(3) hydroxyl function in the dimer B2 increased its capacity to form insoluble complexes 
with proline-rich protein [60]. Procyanidin B2 (5.6-19.3 mg/100g) and epicatechin (5.2-18.4 
mg/100g) are the two most abundant individual compounds in both the peel and flesh of most apple 
varieties [51].  
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Fig 2.5 Structures of major apple procyandins and basic procyanidins : procyanidin B1[epicatechin-
(48)-catechin]; (+)-catechin; procyanidin B2[epicatechin-(48)-epicatechin]; (-)-
epicatechin; procyanidin C1[epicatechin-(48)-epicatechin-(48)-epicatechin] [61] 
Among commonly consumed fruits, the dihydrochalcones class is specific to apples, including 
phloretin and phloridzin (Fig 2.6). Phloridzin, which is the monoglucoside of phloretin, is the major 
component of this class in apples [51, 54]. It is poorly soluble in ether and cold water, but soluble in 
ethanol and hot water. Upon prolonged exposure to aqueous solutions phloridzin hydrolyzes to 
phloretin and glucose. Orally consumed phloridzin is nearly entirely converted into phloretin by 
lactase-phloridzin hydrolase in the small intestine [62].  
!
Fig 2. 6 Chemical structures of phloretin and phloridzin [63] 
 2.1.4 Localization in plant cells 
Plant polyphenols are products of secondary metabolism e.g. flavonoids, playing a significant role 
in defence against biotic and abiotic stress [64-66], colour and taste development [67, 68]. The 
detection of pigments and colourless flavonoids can provide a useful indication of plant ripening 
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[69] and quality [70, 71]. In addition, recent interest in phenolics, which are abundant 
micronutrients in our diets, has increased greatly due to their antioxidant properties and potential 
action in the prevention of chronic and degenerative diseases. The multiplicity of the functional 
roles of flavonoids is consistent with their presence in a wide array of cells and sub-cellular 
compartments. The early accumulation of flavonoids is localized in various intracellular regions, 
including both smooth and rough endoplasmic reticulum, plastids, the Golgi body, vacuoles, cell 
walls and even the nucleus [72-76], after they are first synthesized in the cytoplasm via a wall-
characterized biosynthetic pathway. Then the products are delivered through two main routes: the 
intracellular transport to the vacuole and the extracellular transport to the cell wall [77]. Vacuoles 
have been reported to be the major final destination where phenolics such as proanthocyanins, 
catechins and flavonoids accumulate in mature plants [69, 78-80]. Some phenolics, which may 
contribute to cell wall formation, migrate to the cell wall after release from small vesicles e.g. 
hydroxycinnamic acids [76, 81].  
Phenolic compounds in plant materials are routinely determined using spectrophotometry. However, 
this method has limited sensitivity. Thus, high-performance liquid chromatography combined with 
enzymatic tissue preparation, or isolation of organelles or protoplasts for labelling or enzymatic 
studies have been developed for more sensitive and specific quantification of phenolics [82]. Direct 
microscopic observation of phenolic compounds is restricted to anthocyanin-containing tissues, 
where the target compounds are coloured red, purple or blue. Other microscopic techniques e.g. 
fluorescence microscopy [83], histochemical staining with chromogenic reagents [84], and 
immunocytochemical detection using specific antibodies [85] have been applied to study tissue 
localization of non-coloured phenolic compounds. Recent developments in microscopic techniques, 
such as confocal laser scanning microscopy (CLSM), provide a unique opportunity for studying 
tissue localization of phenolic compounds more precisely than with conventional fluorescence 
microscopy. The CLSM technique has been applied in the identification of phenolic compounds in 
leaves of monocotyledons, dicotyledonss and gymnosperms [75], apple wax layers [86] etc.  
2.2 The plant cell wall 
Plant cell walls play an important role in maintaining the structural integrity of the cell which is 
crucial to the growth, development and survival of the plant as well as directly affecting the textural 
qualities of edible plant materials [87]. Cell walls also play an important role in intercellular 
communication and they act as an outer cell membrane, encapsulating and protecting organelles and 
resisting internal turgor pressure. Therefore, the components inside cells, such as polyphenols, must 
pass through cell walls to be bioaccessible which may result in potential interactions between plant 
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cell walls and polyphenols [8, 9].  From a nutritional viewpoint, the plant cell wall is also 
considered as the main dietary fibre source in the human diet. Consequently, it is of particular 
importance to gain knowledge of plant cell walls in order to take advantage of their nutritional 
values. 
2.2.1 General plant cell wall structure 
Plant cell walls are split into two groups: primary cell walls and secondary cell walls (Fig 2.7). 
Dicotyledonous plants, gymnosperms and most monocotyledonous plants are dominated by the 
Type I primary cell wall which is composed of three networks: (1) a cellulose-xyloglucan 
framework, accounting for more than 50% of the total primary cell wall material; (2) a pectin 
matrix which is the second largest primary cell wall material and (3) in some cell walls, cross-
linked structural proteins.  The secondary cell wall is a thick layer formed inside the primary cell 
wall after the cell is fully grown. It is derived from primary cell walls by thickening and including 
lignin into the cell wall matrix [88]. The zone between two adjacent cells is the middle lamella, the 
outermost layer rich in pectin, which forms the interface between adjacent plant cells. In reality, all 
differentiated cells contain walls with distinct compositions, depending on the cell types and the 
plant species [89]. Generally, plant cell wall composition is well established in terms of different 
polysaccharides (cellulose, hemicellulose and pectins) and glycoprotein components, however their 
organization into the three-dimensional network which is required for plant cell walls to perform 
their functions is still not fully understood. Since secondary cell wall is derived from primary cell 
walls and typically at low concentrations or absent in edible plants, the present project will focus on 
primary cell wall structure and its effects on the bioaccessibility of polyphenols. 
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Fig 2. 7 Schematic illustration showing proposed assembly of main cell wall components in the 
primary wall and the sandwich-like secondary wall [90] 
2.2.2 Cellulose  
Cellulose is a linear unbranched homopolysaccharide composed of chains of -(1-4) linked D-
glucosyl residues that associate together via intra-molecular or inter-molecular hydrogen bonds and 
Van de Waals forces to form a crystalline microfibril (Fig 2.8) [91] which can associate with other 
microfibrils to form a mature fibril. Cellulose fibrils in onion primary cell walls are 5-15  nm wide 
and are spaced 20-40 nm apart [92]. Fundamentally, the type I primary wall is a network of 
cellulose fibrils which are cross-linked by non-cellulosic polysaccharides through extensive 
intermolecular hydrogen bonding [93], such as xyloglucan. Cellulose fibres are insoluble, tough and 
resistant to human gastric-intestinal digestion due to a lack of digestive enzymes. Therefore, 
cellulose is a nutrient carrier and survives from digestion to colon. 
 
Fig 2. 8 The chemical structure of cellulose (adapted from [94]) 
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2.2.3 Hemicellulose 
The backbone of hemicelluloses resembles that of cellulose consisting of a β-(1→4)-linked 
backbone of sugars, but it is decorated with different types of sugar monomers (Fig 2.9) [94]. 
Hemicelluloses bind to cellulose, but branches and chemical modifications in their structure prevent 
them from forming microfibrils by themselves [95]. Xyloglucan and arabinoxylan are two of the 
most abundant hemicelluloses in many primary cell walls of fruits/vegetables and grains, 
respectively. Xyloglucan is thought to form a tightly bound molecular monolayer on the surface of 
microfibrils. The supportive structure plays a role in preventing the tendency of cellulose to self-
associate, which indicates a role for xyloglucan in controlling the size of microfibrils during the 
assembly process and in controlling wall porosity [96]. There is evidence supporting that 
xyloglucan can also covalently bond with pectic and other polysaccharide fractions [97-99]. 
Arabinoxylan may bind cellulose and be crosslinked by ferulic acid esters (A-F-F-A). In an in vitro 
assembly study, xyloglucan and arabinoxylan were added into the fermentation media to create a 
cellulose-hemicellulose network [100].  
 
Fig 2. 9 Chemical structures of major hemicelluloses (adapted from [94]) 
 
2.2.4 Pectin matrix 
Another domain of the primary cell wall is a matrix of pectic polysaccharides (about 30% of the 
wall dry mass). This jelly-like structure of pectic polymers is a very important component of cell 
walls, as it determines the wall porosity, glues adjacent cells together, provides charged surfaces 
that modulate wall pH and ion balance, and maintains the cell hydration [101, 102]. Pectin is a 
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complex heterogeneous acidic polysaccharide which has different degrees of methyl esterification, 
is located within the primary cell walls and in the middle lamellae to glue adjacent cells together. 
Consequently during ripening or processing, enzymatic or non-enzymatic degradation of pectin 
compounds leads to cell separation due to the disintegration of the middle lamella [103, 104].   
There are three main domains of pectic polysaccharides, namely homogalacturonan (HG), 
rhamnogalacturonan-I (RGI) and rhamnogalacturonan-II (RGII). HG is a linear polymer of α-1,4-
linked-D-galacturonic acid (GalA) and accounts for greater than 60 % of pectins in the primary 
plant cell wall [105]. In the case of apple, some of the galacturonic acids of HG are substituted at C-
3 with xylose [106]. HG is known to self-associate depending on its degree of methylesterification. 
In the presence of pectin methylesterases, some of the methyl groups of HG are removed, resulting 
in negatively charged pectic chains that have a high affinity to bind to calcium and other multivalent 
cations. The degree of methyl esterification (DE) of carboxyl groups which represents the 
percentage of galacturonic acid residues that are in the uncharged methyl ester form is commonly 
used to differentiate pectins [107]. Rhamnogalacturonan I contains alternating rhamnose and 
galacturonic acid residues, whereas RGII is a complex polysaccharide and contains 12 different 
sugar residues [108]. Some rhamnose residues in RGI are branched by arabinan, galactan, and/or 
arabinoglactan side-chains [108] that may be cross-linked to other wall components such as xylans, 
xyloglucans, proteins and lignins [105].  
In the presence of Ca2+, an ‘egg-box’ structure is established via ionic binding between calcium and 
GalA residues on adjacent chains, forming a stable hydrophilic gel phase [105]. The degree of 
methyl esterification of homogalacturonan carboxyl groups plays a major role in forming gels that 
control cell wall porosity, and contribute to cell wall strength and intracellular adhesion. A decrease 
in methyl esterification can result in an increase of calcium cross-linking between 
homogalacturonans enhancing the formation of the gel network [58]. Ca2+ crosslinking of 
demethylated pectin is reported as a crucial factor of food texture and pectin DE has been related to 
thermal stability during food processing: low-DM pectin being associated with higher thermal 
resistance [109]. Pectin sugars (most likely from RGI) are close to the cellulose surface,   ̴ 50 % of 
the cellulose surface makes contact with pectin [110]. It has been proposed that pectins serve as 
mechanical tethers between microfibrils, in parallel with xyloglucan [111].  
Evidence of interactions with glucuronoarabinoxylans [112], xyloglucans [99] and cellulose 
microfibrils [113] indicates that pectins can bind to other cell-wall polysaccharides contributing to 
the complex cell wall network. A structure in which cellulose is intimately coated by pectins, 
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probably by weak interactions, and limited coating by xyloglucan by strong association has been 
proposed [111].  
2.3 Bacterial cellulose – a plant cell wall model 
2.3.1 Bacterial cellulose and its applications 
Cellulose is the major cell-wall component of plants. It can be either derived from plants or secreted 
extracellularly as synthesized cellulose fibres by some bacterial species, known as bacterial 
cellulose (BC).  The bacteria generating bacterial cellulose belong to the genera Acetobacter, 
Rhizobium, Agrobacterium, and Sarcina [114]. However, the most efficient production is carried 
out by bacterial species Komagataeibacter [115]. Compared with plant cell walls which contain 
cellulose associated with other kinds of natural polymers like pectin and hemicellulose, BC is a pure, 
ultra-fine random water-rich fibre network (Fig 2.10).  BC has the same chemical properties but 
differs from plant cellulose (PC) in structural that BC possesses thinner ribbons [116] but larger 
microfibrils in diameter with limited surface disorder [117]. BC possesses higher water holding 
capacity, higher purity and crystallinity. Thus BC has been widely applied as a simple cell wall 
model: to simulate the assembly of plant cell wall polysaccharides and in studies that investigate the 
mechanical properties of primary plant cell walls [118-122]; to prepare cellulose nanofibres for 
further applications in food and biotechnology [123]; in in vitro fermentation studies using BC-
polysaccharide composites as model dietary fibres [124]; in adsorption studies to investigate 
interactions between plant-derived phytonutrients and plant cell walls [7-9, 125]. Besides, BC has 
found many other applications as a   biomaterial in the application of artificial skin [126], 
composites reinforcement [127], electronic paper [114] etc.  
!
Fig 2. 10 Bacterial cellulose hydrogels produced by Komagataeibacter xylinus and scanning 
electron microscopy image of micro-architecture of BC (scale bar = 1µm) 
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2.3.2 Cellulose synthesis  
Komagataeibacter strains are the most productive microbial producers of cellulose [115]. 
Komagataeibacter xylinus can utilize a variety of carbon sources e.g. glucose, fructose, sucrose or 
mannitol to produce cellulose in the presence of oxygen at ambient temperature ranging from 25 
to 30 over a wide pH range from 3 to 7, and either under static or agitated conditions [128]. The 
biosynthesis of BC occurs from glucose precursors to microfibrils between the outer cell membrane 
and the cytoplasmic membrane of the bacterial cell through a multi-enzymatic process [129]. The 
glucose chains associate together to produce a microfibril of ca. 2-4nm diameter, and the 
microfibrils are bundled in the form of a ribbon-shaped twisting fibril [130], which  interweave 
together to form a pure cellulose pellicle of about 1% w/v concentration. The biosynthesis process 
is illustrated in Fig 2.11. The pellicle attaches to the inner surface of the vessel used and floats on 
the HS media surface. Corresponding to the location of hydrogen bonds between and within strands, 
cellulose has different crystalline structures i.e. cellulose, cellulose, cellulose and cellulose
. Natural cellulose belonge crystallographically to cellulose, including cellulose produced by 
bacterial and algae as well as cellulose of higher plants. The mechanism of cellulose synthesis 
resembles that of plant cells however bacterial cellulose is more flat and twisting in its final 
aggregated state [130].  
!
Fig 2. 11 Schematic description of cellulose biosynthesis from Komagataeibacter xylinus [130] 
 
2.3.3 Plant cell wall analogues and structural characteristics 
Bacterial cellulose composites have been used for decades as simple plant cell wall models [100, 
131]. Plant cell wall analogues can be produced by adding plant polymers e.g. xyloglucan, pectic 
polysaccharides to the BC fermentation medium [124, 130]. The cellulose thus comes into contact 
with the added polymers as soon as it is secreted by the bacteria. The spontaneous cross-linking 
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with xyloglucan causes cellulose ribbons to become more amorphous and to have a decreased Iα/ Iβ 
crystallite ratio [100, 132], indicating that xyloglucan can access cellulose microfibrils prior to their 
aggregation into the final ribbon assembly. Recent studies on plant cell wall model hierarchical 
structure, based on bacterial cellulose with the assistance of small angle scattering combined with 
microscopy, proposed that cellulose presents a ‘core-shell’ structure with an impermeable 
crystalline core surrounded by a partially hydrated paracrystalline shell [133]. Xyloglucan could 
affect the properties of the ribbons’ core due to strong interactions established with the cellulose 
microfibrils [134, 135]. Regarding pectin, in the absence of Ca2+, a fraction (20–40 % wt) of pectin 
(containing neutral sugar sidechains) was able to interact intimately with cellulose microfibrils at 
the point of assembly [131, 136]. By adding calcium to the fermentation medium, a calcium-pectin 
gel is formed and assembled into the cellulose scaffold impacting cellulose hierarchical structure 
[137]. The properties of the gel can be varied by choice of pectin type (particularly degree of methyl 
esterification), calcium level as well as the order of assembly of cellulose/pectin networks [130, 
137].  
Although BC differs from plant cellulose with respect to crystallinity, i.e BC has a higher 
crystallinity degree and it is enriched in the Iα allomorph, while plant cellulose contains mainly the 
Iβ allomorph, BC models provide us with a simple way to mimic cell wall structure that minimizes 
cell wall complexity. In BC model systems, the extracellular environment is controlled and can be 
used to investigate the potential of each type of cell wall polymer to form composite structures with 
cellulose.  
2.4 Digestion and bioaccessibility of bioactive phenolics in plant-based food 
2.4.1 Digestion and absorption of phenolic compounds 
The bioactive effects of phytonutrients e.g. polyphenols depend not only on their concentrations in 
fruits and vegetables, but also on their bioaccessibility and bioavailability after ingestion. 
Bioavailability, which is the key to nutritional efficiency, is defined as the proportion of food 
nutrient or non-nutrient that is available for the human body for physiological functions which 
involves the digestion processes including release, uptake by enterocytes, metabolism and 
reconjugation in the enterocytes, utilization in the gut, phase I/II enzyme modification, bloodstream 
transport and tissue re-distribution, and excretion[4, 138]. However, because of the complex 
composition of fruits and vegetables and both practical and ethical difficulties in the measurement 
of delivery and bioactivity of food components at specific organ sites, the term bioaccessibility is 
introduced. Bioaccessibility is defined as the amount of an ingested nutrient that is available for 
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absorption in the gut after digestion [36, 139], as a consequence of the release of this constituent 
from the solid food matrix, and that may be able to pass through the intestinal barrier. In these terms, 
the bioavailability strictly depends on the bioaccessibility.  
Digestion of polyphenols begin with mastication in the mouth - the process is illustrated in Fig 2.12. 
Mastication, which consists of grinding food into small pieces and impregnating these pieces with 
saliva to form a bolus that is able to be swallowed, is considered as the initial step in the digestion 
of foods [140]. The mechanical action mediates the breakdown of fruits and vegetables which is 
important for polyphenols which must be released into the continuous solution phase before they 
can be absorbed through the gut wall. Following this, the food bolus is swallowed and reaches the 
stomach where gastric juice (that includes acids, salts, enzymes and mucus) is secreted for digestion 
with the assistance of physical movements of the stomach. The stomach is the main site for 
disintegration of solid foods. Absorption might occur in the stomach, but it is relatively minimal. In 
the small intestine, a minor portion of low molecular weight phenolic compounds (monomers or 
oligomers) are able to be absorbed through the gut epithelial cells. A larger amount of polyphenols 
which exit the cell, get in contact with the plant cell wall for the first time with the potential for 
binding interactions to take place [8-10]. This binding is fast and spontaneous, and is expected to 
occur whenever tissue degradation happens. Those polyphenols which are reversibly or irreversibly 
associated with dietary fibre and other food ingredients are not expected to be absorbed in the small 
intestine. Instead they pass through to the colon, where they become fermentable substrates for 
bacterial microflora along with indigestible carbohydrates and protein [5, 141]. From a nutritional 
point of view, it is difficult to say whether enhanced or restricted bioaccessibility is more desirable. 
Enhanced bioaccessibility will make nutrients more readily available for uptake in the small 
intestine, whereas reduced bioaccessibility will make it more likely that nutrients are not released 
until the plant cell wall polymers are degraded by fermentation in the large intestine. Considering 
that dietary fibre, which generally comes from the indigestible cell wall components of plant 
material, acts as an entrapping matrix and restricts the diffusion of the enzymes to their substrates, 
most of the polyphenols bound to dietary fibre may end up in the large intestine [4, 24, 142, 143]. 
Consequently, bound polyphenols may be released from indigestible cell wall polysaccharides 
through the actions of colonic microorganisms including the process of carbohydrate degradation 
and bioconversion of polyphenols. The associated dietary fiber is utilized by colonic microbiota as 
fermentation substrate, meanwhile is likely to influence the metabolism of polyphenols in terms of 
altering the microbe composition, reducing colonic pH, modulating colonic mobility and resident 
transition time [144]. Once polyphenols are release, they are available either for absorption across 
the colonic epithelium such as aglycones, phenolic acids, or further microbial metabolism before 
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being absorbed. For example, polyphenols in the form of esters, glycosides or polymers are likely to 
be hydrolyzed or metabolized by gut microflora enzymes (e.g. β-glucosidase, β-glucuronidase, and 
α-rhamnosidase) to produce free aglycones [37, 143]. Those aglycones appear transiently in the 
colon for reabsorption and are readily subject to further microbial transformation involving ring 
fission, enzymatic reactions or cleavage of functional groups, thus generating low molecular weight 
aromatic acids that improves absorption through the hindgut wall [36, 145]. Therefore, colon is the 
site where biotransformtion of non-bioaccessibile polyphenols to more active derivatives occurs to 
modulate the bioavailability of polyphenols. 
!
Fig 2. 12 General absorption pathway of polyphenols in humans and comparison of association of 
phenolic compounds with fibre [4, 36] 
2.4.2 In vivo- and in vitro- methods used in assessing nutrient bioaccessibility 
As the possible effectiveness of phytochemicals is greatly determined by their bioaccessibility, 
there is an emerging demand for evaluation of nutrient bioaccessibility. The experimental 
approaches for investigation of polyphenol bioaccessibility are focused on either using in vivo or in 
vitro methods, in which four regions of the human digestive system are included: mouth, stomach, 
small intestine and colon. Mastication is often the first step of food digestion, where solid foods are 
churned into smaller particles sizes and mixed with saliva to form a bolus. The contribution of 
mastication to polyphenol bioaccessibility has been examined through in vivo studies, in which a 
certain dose of food is served to individual humans (most common) [19, 146] or animals [147]. In 
vivo studies provide reliable data that involves the effects of lubrication, softening, dilution with 
saliva and formation of a cohesive bolus. Since mastication varies between individuals, it is 
challenging to mimic it in vitro. Simulated chewing has been mimicked using techniques such as 
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pulverizing, sieving, chopping or mincing [148]. However, such mechanical steps do not adequately 
reflect the heterogeneous nature of chewed food. Gastric digestion and subsequent digestion in the 
small intestine are also complex dynamic steps. In vivo methods provide direct data on 
bioavailability through two main strategies including i) balance studies that determine the absorbed 
amount by measuring the difference between the fed and excreted amounts of the nutrients, and ii) 
circulating concentrations by monitoring the increase in plasma/serum concentration of nutrients. 
The results are reliable and accurate with respect to the combined effects of mechanical action, 
enzymatic activities, altered pH, and selective absorption which cannot be thoroughly mimicked in 
simulated digestion models. However, studying the separate and combined impacts of each stage of 
digestion on the release and availability of nutrients is hardly possible in vivo. Besides, animal or 
human studies are time consuming, costly, and restricted by ethical concerns. Simulated in vitro 
digestion models both static and dynamic, allow studies during digestion and absorption processes 
(for bioavailability) or only during digestion processes (for bioaccessibility) and the response 
measured is the concentration of a nutrient in a final extract. Static in vitro models, such as using a 
shaking bath and a magnetic stirrer, are used as an alternative to in vivo assays in the assessment of 
the bioaccessibility of many types of polyphenols [7, 149, 150]. However, they typically lack the 
simulation of physical processes such as shear and mixing. In recent years, many dynamic digestion 
models have been developed to better mimic the real digestive environment, including the TNO 
gastric model (TIM-1) [151], dynamic gastric model (DGM) [152], human gastric simulator (HGS) 
[153] and dynamic in vitro rat stomach (DIVRS) [154, 155]. Dynamic, multi-compartmental in 
vitro models are designed to closely mimic the conditions encountered by food as it goes through 
the upper gastrointestinal tract and provide practical information on nutrient bioaccessibility. The 
DIVRS model even considers the effects of geometrical morphology and inner physiological 
structure of the stomach on digestion and uses a more powerful peristaltic movement compared to 
previous models [155]. However, the results of in vitro digestion models may be different to those 
found using in vivo models due to the difficulties in accurately simulating the highly complex 
physicochemical and physiological processes in the human digestive tract. Some undigested food, 
including certain polyphenols, can be transported to the colon and utilized as an energy source by 
the indigenous bacterial community. In vitro colonic models are a feasible system to study aspects 
of the effects of polyphenols on microbial metabolism [35] as well as the polyphenol-induced 
modulation of gut microbiota [156].  
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2.4.3 Factors controlling the bioaccessibility of polyphenols 
It has been shown that bioaccessibility limits the absorption of polyphenols in the small intestine. A 
large amount of non-digested polyphenols are encapsulated in the food matrix, attached to 
membranes or bound to plant cell walls. These polyphenols do not undergo solubilisation and 
uptake in the stomach and small intestine, and become a potential substrate for fermentation in the 
large intestine [157]. These non-extractable polyphenols may represent a large fraction of dietary 
polyphenols [158]. Saura-Calixto et al. showed that approximately 48 % of dietary polyphenols are 
bioaccessible in the small intestine, while 42 % only become bioaccessible in the large intestine [5]. 
These results are strongly influenced by the initial matrix of unprocessed or processed foods, and 
the matrix microstructural changes during or after digestion.  
2.4.3.1 Microstructure 
Microstructure of plant-based food has been reported to be one of the crucial factors determining 
flavour, texture and also micronutrient bioaccessibility and bioavailability [18, 104, 159, 160]. 
Juices and purees prepared from fruit and vegetables are prime examples of this. On one hand, 
disruption of the natural matrix or the microstructure created during processing may influence the 
release, transformation, and subsequent absorption of polyphenols in the digestive tract; on the 
other hand, bioactive compounds encapsulated in matrices may escape from the digestive tract 
during their transit [159]. Consequently, food microstructure may affect the final uptake of 
phenolics in the gut. Nutrients e.g. polyphenols are often located in natural cellular compartments. 
Thermal or physical processing, and mastication break down the tissues, decreasing the particle size 
and enlarging the surface area available for attack by digestive enzymes, thus controlling the overall 
release rate and the gastrointestinal absorption of polyphenols [159]. Mastication of almonds 
reduced the particle size and favoured the release of nutrients and absorption [161]. The particle 
size reduction of soft material e.g. mango [19] had a surprisingly smaller effect on carotenoid 
release in comparison with solid material e.g. carrot [20, 21]. These could be due to the different 
fracture patterns of soft and hard plant materials, across cell walls in the case of hard tissues and 
around cells in the case of soft materials (Fig 2.13). As plant cells are smaller than the typical size 
of swallowed food pieces, not all plant cell walls may be broken. There must therefore be another 
passage across the plant cell wall for the release of polyphenols located within non-ruptured cells 
during digestion. One specific case is that cooking favours cell separation rather than cell disruption 
(Fig 2.13) because of the heat-induced degradation of pectins which are typically abundant in the 
junctions between cells, thus effectively protecting the cell contents from releasing and digestion 
during passage through the gut [18].  Ellis et al. found that only the first layer of cells at the 
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fractured surface was ruptured and, able to release lipids during disruption of almond tissue by 
mechanical methods or chewing [162]. 
!
Fig 2. 13 Diagram illustrating (A) cell rupture of fresh raw fruits and vegetables that releases cell 
contents as shown by the grey arrows and (B) cell separation in cooked vegetables and mealy fruits 
where intact cells encapsulating cell contents remained (black circles represent cell contents such as 
carotene, polyphneols) (adapted from [18]) 
2.4.3.2 Oxidation reactions 
Tissue disruption either by oral processing or food processing enables the contacts between 
polyphenols, enzyme, polyphenoloxidase (PPO) and oxygen that trigger the enzymatic or non-
enzymatic oxidation of phenolic compounds into reactive quinones. Consequently, dimeric and 
higher-molecular-weight addition products [22, 163] and phenolic o-quinone intermediates are 
formed that have different affinities to cell walls [22]. Different level of oxidation played a critical 
role in determining polyphenol bioaccessibility as reported that oxidation increased the retention of 
procyanidins by cell walls [22] and presumably modified the binding type that the covalent bonds 
might be formed to be resistant to degradation [164]. For example, during fermentation and wine 
ageing, the high reactivity and oxidation of extracted proanthocyanins are resistant to degradation to 
its individual subunits due to the inter- and intra-molecular interactions of proanthocyanins [165], 
therefore, the oxidation products of proanthocyanins may affect the release and absorption of 
monomer or oligomer phenolic molecules from plant-based food. 
2.4.3.3 Digestion system (encapsulation, binding)  
Whether for processed or unprocessed food, mastication or chewing is the first event in polyphenol 
assimilation. This mechanical disruption not only enables partial release of constituents, but also 
contributes to the increase surface area facilitating the action of digestive enzymes in saliva [159]. 
Interactions with salivary proteins reduces the bioaccessibility of polyphenols, especially tannin and 
condensed tannin [166-168], which is the source of bitter and astringent taste after consuming 
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polyphenol rich plant foods. Besides, the bolus formation during mastication alters the moisture 
content of food and subsequently bolus microstructure and rheology, which determines the rate of 
digestion [140]. Food bolus is transported to the stomach and retained for 0.3-2h [141].  The 
squeezing and crushing forces generated by stomach contractions not only cause efficient 
disintegration of solids, but also mixes foods with acid gastric juice which also contains digestive 
enzymes.  In vitro data suggested that the gastric pH contributed to the release of polyphenols from 
food bolus by i) breaking weak bonds between polyphenols and the food matrix and ii) inducing 
polyphenol hydrolysis and/or transformation such as cleavage of sugar moieties attached to the 
polyphenol structure [141]. The type of sugar attached to the flavonoid skeleton determines the site 
and the extent of absorption of glycosylated flavonoids [4]. Polyphenols bind to food matrices 
during digestion, which protects the more labile anthocyanins from degradation [169]. Results also 
show that the complexity of the sugar/starch/protein matrix may hinder the extraction of isoflavones 
during cooking [170]. Selection of the food matrix into which the bioactive ingredient is 
incorporated is crucial to the release of polyphenols, and thus bioavailability. For example, custards 
containing starch released a significantly higher amount of isoflavones than those made with 
carboxymethylcellulose, probably due to the higher enzymatic resistance of the latter [171].  
There are three major effects of plant cell walls on polyphenol absorption, which have been 
summarized by Palafox-Carlos et al. [4]: i) physical trapping of phenolic compounds within 
structural assemblies during digestion in the upper intestine (binding or encapsulation); (ii) on 
account of (i), fibre matrices restricted the contact of enzymes required for polyphenol hydrolysis to 
be absorbed; (iii) enhanced viscosity of gastric fluids restricting the peristaltic mixing processing, 
causing poor transport of enzymes, bile salts and soluble antioxidants. Plant cell wall can bind not 
only polyphenols but also e.g. enzymes, lipids, and starch [7-9, 15, 172, 173]. Therefore, the limited 
bioaccessibility and bioavailability are thought to be determined largely by the physical and 
chemical interactions of polyphenols with the indigestible polysaccharides of cell walls.  
2.4.3.4 Others 
The rate and extent of polyphenol absorption in the gastrointestinal tract are also dependent on 
individual polyphenol chemical structure/form. For example, Manach et al [3] investigated the 
bioavailability of various polyphenols and found that the most well-absorbed compounds were 
isoflavones and gallic acid, followed by catechins, flavanones and quercertin glycosides. Only the 
aglycones and low molecular weight polyphenols can be absorbed directly in the small intestine [1]. 
The chemistry of polyphenols can also influence the way in which the plant cell plasma membrane 
acts as a protective barrier.  Oteiza et al. found that the interaction between flavonoids and the cell 
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membrane resulted in either binding at the lipid-water interface through hydrogen bonds, or 
sequestration in the hydrophobic core of the membrane [174]. The more hydrophobic flavonoid, 
epicatechin, had a greater interaction with membrane lipids.  
2.4.4 Limitation in the bioaccessibity of polyphenols during upper gastrointestinal digestion 
2.4.4.1 Interactions with food macromolecules 
Non-covalent and covalent associations of polyphenols with food macromolecules are two of the 
factors affecting the quality of polyphenol-rich food products [175]. Food/beverage processing 
often causes tissue disruption, thus polyphenols are released from vacuoles and bind to protein and 
polysaccharides, notably those of the cell wall, through non-covalent interactions [175]. Protein-
polyphenol complex formation has been extensively studied [175], by contrast, binding of 
polyphenols with polysaccharides has been neglected, but begins to attract rising interest. Although 
there are structural differences between proteins and polysaccharides, the mechanism of 
polyphenol/polysaccharide association could be similar to that with protein. 
2.4.4.2 Interactions with cell wall polysaccharides  
Polyphenol/cell wall polysaccharides interaction were first characterized in apple juice and wine 
manufacture, as well as in tea steeping [50, 176-178]. In wine manufacture, the process of fining to 
remove polyphenols for clarification and astringency reduction traditionally uses protein extracts. 
Because of negative flavour characteristics to wine and allergenic nature, insoluble fibre is 
considered as an alternative fining agent to the traditional protein-based approach [179]. From 2001, 
the Renard group has been studying polyphenol-plant cell wall interactions in apples, particularly 
for procyanidin. They established aspects of the binding mechanisms between procyanidin and 
plant cell wall polysaccharides: (1) non-covalent bonding between apple cell walls and procyanidin 
occurs rapidly and spontaneously whenever tissue degradation happens [57]; (2) the interaction 
between procyanidins and cell wall material involve weak energy bonds such as hydrogen bonds 
and hydrophobic interactions [13, 14]; (3) the amount of procyanidins bound increased with the 
polymerization degree, and the proportion of (+)-catechin [13]; (4) cell wall materials have the 
ability to selectively adsorb polyphenols [14, 22]; (5) a decrease of the cell wall porosity by drying 
also decreases the apparent affinity and saturation levels between cell wall polysaccharides and 
procyanidins [15, 180]. The association between proanthocyanidins and cell walls in grapes has 
been extensively investigated by the Bindon group. Ssimilar conclusions were obtained, a large 
amount of grape proanthocyanidins are able to bind to cell wall materials. However, they found a 
negative relationship between the proanthocyanidin polymerization and the affinity of high 
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molecular mass proanthocyanidins for apple skin cell wall materials. The use of model 
polysaccharides (pectin, xyloglucan and microcrystalline cellulose) in solution allows the 
investigation of differences in the binding capacities of polyphenols to different cell wall 
polysaccharides. The affinity constant of procyanidins for pure polysaccharides were found to be: 
pectin>>xyloglucan>starch>cellulose [14]. Procyanidins interact with negatively charged gel-like 
pectin with greater apparent binding affinity than with xyloglucan and cellulose indicating an ionic 
interaction [14, 181]. In contrast, a high amount of cellulose was positively correlated with 
anthocyanin extraction, indicating a weak interaction between anthocyanin and cellulose [182]. 
Recently, the Gidley group employed bacterial cellulose composites, as a novel approach to mimic 
plant cell wall structure for analysing the binding affinity of cell wall polysaccharides with 
polyphenols, minimizing the complexity of real plant cell walls. They suggested that anthocyanins 
interact with cellulose and pectin over a two-stage process: a rapid initial binding of anthocyanin to 
cellulose and a slower deposition/stacking of free anthocyanin molecules to anthocyanin-
polysaccharides complex [8]. Polyphenols could selectively bind to different cell wall 
polysaccharides e.g. cellulose, pectin, xyloglucan as soon as the contact occurred [7, 10, 125]. This 
binding could happen between both positive charged phenolics (i.e. anthocyanins) and negative 
charged polyphenols (i.e. phenolic acids) with neutral cellulose or negatively charged pectic 
polysaccharides [8, 9, 181]. In addition, it has been reported that tea polyphenols were selectively 
adsorbed onto oat β-glucan through non-covalent interactions regardless of the differences in the 
original source of material [183-185].  
The interactions depend on both the polyphenol structures and the cell wall structures. Regarding 
polyphenols, relevant aspects include:  the concentration, degree of polymerization, percentage of 
galloylation, distribution of different polyphenolic compounds, conformational flexibility, and 
molecular weight. For cell walls, the origin of different cell wall polysaccharides exert effects on 
the association with polyphenols. The pectic fractions conformation and structure e.g. methylation 
degree and chain length, could also influence the binding ability [186, 187]. However, modification 
of the physical state of the cell wall material by processing has larger effects than differences in cell 
wall origin. The effects of processing will be briefly discussed in sections 2.5.1 and 2.5.2.   
2.4.4.3 Mechanisms of interaction between polyphenols and cell walls  
Polyphenols may interact with cell wall components, proteins or polysaccharides, in reversible or 
irreversible ways. Reversible binding involves non-covalent forces including hydrogen bonding, 
hydrophobic bonding and van der Waals forces. Irreversible association takes place via the 
formation of covalent bonds between the macromolecule and the polyphenol [175]. With regards to 
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the association between polyphenols and cell walls, initial studies indicated the existence of non-
covalent bonds between hydroxyl groups from phenolic compounds and polar groups from 
polysaccharide molecules (hydrogen bonds, electrostatic and dipolar interactions, van der Waals 
attractions) [7-9, 14, 22, 164, 188]. Two mechanisms that explain the formation of the 
polysaccharides-polyphenol complex have been proposed by Pinelo et al. [189]: (1) Hydrogen 
bonds: between hydroxyl groups of polyphenols and the oxygen atoms in polar groups of cell wall 
polysaccharides; (2) Hydrophobic bonds: through the hydrophobic pockets or cavities created by 
the formation of hydrophobic regions to encapsulate polyphenols.  
The amount of bound polyphenols and their affinity constant for cell walls are influenced by many 
factors. From the perspective of cell walls, cell wall architecture and organization e.g. flexibility 
and porosity of surface, location of binding sites, are the most significant contributing factors. The 
smooth and linear structure of cellulose would facilitate auto-association of procyanidins so that 
favours the high apparent saturation level of cellulose by procyanidins [14]. It is possible that 
particularly favourable binding sites are located in amorphous regions, or less crystalline zones of 
cellulose [190], because of the greater number of available hydrogen bonding sites. A reduced PA 
adsorption on skin cell walls was observed by comparison with flesh cell walls. This difference may 
be related to the reduced flexibility and porosity of skin cell walls relative to flesh cell walls [191]. 
An open and swollen network providing sufficient hydrogen bonding and surface area favour the 
adsorption of polyphenols on cellulose [125].  
In addition, cell wall polysaccharide composition also contributes to polyphenol-cell wall 
associations. Studies using model polysaccharides have revealed that the affinity of PAs was 
greatest for pectin, followed by xyloglucan, and lowest for cellulose. The higher affinity constants 
observed for pectins were proposed to be due to the formation of a three-dimensional gel-like 
network, which facilitated the encapsulation of PAs within the polysaccharide structure [14]. It is 
thought that loss of pectin opens the interior of the cell wall to various degrading enzymes, causing 
further depolymerisation and an increased porosity. Specifically, the association between 
procyanidins and pectin was limited by neutral sugar side chains [186] and a low degree of 
methylation of pectin [187]. From the aspects of polyphenol molecules, the interactions are 
modulated by polyphenol characteristics such as concentration, degree of polymerization, molecular 
flexibility, number of hydroxyl groups, or number of terminal galloyl groups. Padayachee et al. [7] 
found that doubling the concentration of free anthocyanins available led to at least twice as much 
binding to cell wall components, and phenolic acid depletion from different concentrations of 
diluted purple carrot juice concentrate was similar. The results indicated that cell walls may have 
binding sites with varying affinities for different polyphenols, a limited saturation for phenolic acid 
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and unlimited binding sites for anthocyanin [192]. The roles of hydroxyl and galloyl groups 
contributing to the non-covalent interactions between polyphenols and cell wall polysaccharides 
were highlighted through the evidence that the binding of flavonoids to β-glucans was positively 
correlated with hydroxylation, with an optimum at three hydroxyl groups and increased galloylation 
[193]. The differences between catechin and epicatechin in binding capacities highlighted that an 
open and flexible structure would facilitate the formation of hydrogen bonds and hydrophobic 
interactions [180]. Moreover, apple procyanidins with higher polymerization showed higher binding 
affinity to pectin [187].   
Since the formation of polyphenol-polysaccharide complexes are mainly governed by hydrogen 
bonds, hydrophobic and ionic interactions, the adsorption can also be affected by ionic strength, pH 
and temperature. The amount of bound procyanidins increases when the ionic strength increases and 
decreases with increasing temperature [57]. At pH 2-7, pH has no influence on association [13, 57], 
but does have a strong impact on the stability of flavan-3-ols. The maximum adsorption capacity is 
dependent on pKa of polyphenols and cell wall materials that determines the surface charges of 
each material [185, 194]. The interactions between procyanidins and pectin are also driven by 
entropy, therefore increasing temperature reduces the association [180, 185, 194].  
However more systematic studies should be done and novel methods should be developed to better 
understand the mechanisms of interactions between polyphenol and cell walls. 
2.5 The role of food processing in regulating the bioaccessibility of polyphenols 
2.5.1 Food processing applied to plant-based food 
There is a global trend in the food manufacturing industry towards the development of convenient 
and good-tasting food with enhanced health benefits. Change in family life style and consumer 
pressure has stimulated improvements in storage and processing methods to prolong shelf life and 
reduce damage caused to nutritional properties. Thermal processing is the most convenient and 
efficient traditional way to prolong shelf life and to meet some of the requirements of consumers, 
and is widely applied in the food industry. Blanching, the process of heating vegetables or fruits, is 
a standard procedure in the potato-processing industry to obtain the desirable firmness by regulating 
the role of pectin methylesterase (PME) [195]. Apple, tomato and strawberry are intensively cooked 
to make food products such as soup, sauce and jam. In recent years, low temperature blanching, e.g. 
at 64-65 °C , or preheating before blanching, has been shown to result in products with improved 
texture and overall better sensorial properties, and has been widely applied in beans and carrots 
[196, 197]. A pre-storage heat treatment at low temperature reduced the softening of apples during 
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storage at 0 °C  [198]. Besides, different pressure and temperature combinations can be used to 
achieve desired effects on texture, colour and flavour of food. Different plant tissues have different 
pressure sensitivity. It has been observed that pear was the most pressure sensitive fruit followed by 
apple, pineapple and orange at 100 MPa, while at 200 MPa apple was more sensitive than pear 
[199]. However, the effects of different heating and pressure treatments depend on tissue properties 
and processing conditions. In plant tissues like carrot, heating increases the propensity for intact 
cells to separate, thus effectively encapsulating the carotene and negatively affecting its 
accessibility [18, 104].  
Drying processing is another widely used method for food preservation, including conventional air-
drying and freeze-drying. Drying of apples is a typical example which creates a crispy texture and 
preserves the nutritional content. Edible plant tissue contains a high amount of moisture that 
maintains the turgor pressure of the cells and shape of the tissue. Removal of water can cause 
dramatic shrinkage and deformation of the tissue undergoing drying. Drying of apples leads to a 
separation of cells as well as disruption of cells, and these changes are irreversible above 50 °C  
[200]. Freeze drying is an alternative solution for temperature-sensitive food which could create a 
porous structure with increased intercellular space that leads to a higher moisture gain of the 
samples upon rehydration [125]. Microstructural changes may also affect the release of compounds 
from the plant tissue matrix, thus affecting the ability to extract those compounds [201]. Fragments 
of highly degraded cell wall aggregated during drying and shrinkage, and the structure’s collapse 
and stacking, caused pore sealing, thus resulting in a decrease of adsorption capacity [202].  
Homogenization, especially combined with heat treatment of vegetable food products are 
technologically straightforward and a widely used process that have a positive impact on the 
bioaccessibility of minerals and phytochemical compounds [203]. Gentle homogenisation 
processing with kitchen blending produced a particle dispersion, with particle sizes of d (0.5) = 
~200 µm, that promoted nutrient release and absorption. When mechanical disruption was applied 
to cooked tissues, a particle dispersion primarily consisting of single cells was obtained (d (0.5) = 
~70 µm) [204]. This indicates that combined processing (thermal/mechanical) provided enough 
strength to break down the pectin-rich middle lamellae, allowing cells to be separated.  
2.5.2 Impacts of food processing on the bioaccessibility of polyphenols  
Plant-based foods are subjected to cooking or other processing methods to increase their shelf life 
and palatability. On one hand, food processing determines the release, accessibility and biochemical 
stability of polyphenols through disruption of cellular structure. Results showed a strong 
dependency of carotene bioaccessibility on the particle size, for both raw and gently cooked carrots. 
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For larger particle sizes e.g. raw carrot cell clusters, digestive enzymes can only access carotene in 
broken cells at the outside of a cluster, explaining the low carotene bioaccessibility observed for 
large size fractions [21]. Therefore, for carotene bioaccessibility mechanical breakdown resulting in 
cell wall rupture prior to digestion is more important for raw carrots than thermally processed 
carrots [18, 20, 21, 205].  
One the other hand, microstructural changes imparted by processing are relevant for matrix-
polyphenol interactions and can affect the bioaccessibility of polyphenols. The change in 
macrostructure of plant tissue is normally connected with changes in the cell wall materials (Fig 
2.14). The main changes in plant cell material after processing are: 
(1) Microstructural changes: particle size distribution, flexibility and porosity of surface, binding 
sites, membrane integrity and accessibility of polyphenols to cell walls. Microscopic studies on 
carrots reveal thickening of the cell wall coupled with disruption of the plasma membrane at about 
60 °C [206]. However, at these temperatures, cell wall pectin is not affected [207]. It has been 
demonstrated that air drying of apple cell walls at 100 °C  reduces their surface area due to a 
decrease in porosity, decreasing the affinity constant of the material for procyanidins per unit mass 
[191]. Heating as well as high pressure (HP) can trigger the degradation of pectin substances via a 
β-elimination [208, 209], resulting in cell separation. It is thought that loss of pectin opens the 
interior of the cell wall to various degrading enzymes, causing further depolymerisation and an 
increased porosity; 
(2) Cell wall polysaccharide composition: processing can change the distribution of soluble and 
insoluble dietary fibre [208]. Some pre-treatments resulted in a transition from high methoxyl pectin 
to low methoxyl pectin in carrots that altered the ionic properties of the cell wall surface, thus 
influencing the association with charged polyphenols [187, 210]. In the case of the different 
procyanidin-cell wall complexes, these highly methylated pectins were retained in the cell wall by 
the procyanidin’s binding [22]; 
 (3) Alteration of intracellular/extracellular environment: pH and modified ionic strength, can affect 
the stability of pectin. The amount of bound procyanidins increases when the ionic strength 
increases and decreases with an increasing temperature [57]. In the pH range of 2-7, pH has no 
influence on association [13, 57]. The addition of either a chaotropic agent, such as urea, or a 
solvent, such as dioxane or ethanol, also resulted in decreased association between procyanidins and 
cell well material [13, 57].  
31 
 
Furthermore, food processing has a strong impact on polyphenols.  Upon mechanical processing i.e. 
peeling and cutting, polyphenols, polyphenol oxidase and oxygen come into contact t initiating the 
transformation of polyphenol to its quinone. Oxidation requires enzyme activity and is therefore 
only relevant in the first few minutes of thermal processing. Then in the next 20 min of cooking, 
diffusion and adsorption occurs. This stage plays an important role in determining the 
bioaccessibility of polyphenols, as a large amount of polyphenol e.g. procyanidins can be adsorbed 
on plant cell walls by weak interactions [180]. Furthermore, procyanin depolymerisation and 
conversion into anthocyanin-like compounds could easily occur during processing, especially 
thermal processing under acidic conditions [164, 211]. The resulting tannin-anthocyanin structure 
and reactive intermediate C-4 carbocations released from interflavan bond cleavage was assumed to 
have higher affinities for the cell walls [22] and presumably lead to the formation of covalent 
linkages [175] which are resistant to degradation that affect the release, bioavailability of 
polyphenols. Another important factor is the concentration of polyphenol. Losses of polyphenol 
during cooking cannot be neglected. Boiling has been shown to induce flavonol losses of 20 % to 
40 % in onions and asparagus [212]. Cooking by boiling or frying of onions led to a 25 % loss of 
flavonol glycosides [213]. However, high-pressure treatment (at low and moderate temperatures) 
has a limited effect on anthocyanins, probably due to the enzyme inactivation [199]. In highly 
released system such as fruit juice, high pressure had little effect on the bioaccessibility of 
polyphenols in grape and orange juice, but decreased the bioaccessibility of apple juice [214]. 
While some pre-treatments doubled the concentration of free anthocyanins available and led to at 
least twice as much binding with cell wall components, phenolic acid depletion from different 
concentrations of diluted purple carrot juice concentrate was similar [192]. In summary, the 
bioaccessibility of polyphenols is strongly affected by both cell wall composition and 
microstructure. 
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Fig 2. 14 Changes in structure and properties of the plant cell wall during processing (adapted from 
[196]) 
2.6 Knowledge in gaps and research aims 
There is an increased interest in plant phytonutrients, such as polyphenols, due to their proposed 
health benefits. The literature suggests that the possible effectiveness of polyphenols in human body 
is greatly determined by their bioaccessibility, thus absorption of these bioactive molecules. The 
bioaccessibility of polyphenols is affected by a large number of factors including the matrix of 
natural foods, the microstructure of foods in relation to mechanical digestion or food processing, 
and physicochemical conditions in the human gastrointestinal digestive system among others. Plant 
cell walls have been identified as a critical factor influencing polyphenol bioaccessibility by 
providing both a physical barrier and a substrate for binding interactions. Nevertheless, studies of 
the mechanisms between cell walls and polyphenols have been mostly limited to either fresh fruits 
and vegetables or processed food. Information on polyphenol release, by digestion or food 
processing, and polyphenol changes occurring under gastric conditions is relatively limited and 
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insufficient for a thorough understanding of polyphenol bioaccessibility and potential beneficial 
effects. Four gaps in knowledge have been identified and should be explored to gain a better 
understanding of influencing factors in regulating polyphenol bioaccessibility during food 
processing and subsequent consumption: 
1) The minimum conditions (temperature, pH, time) required for disruption of cell membranes 
and thus release of polyphenols from cells 
2) The extent and mechanism of association between plant cell walls and polyphenols 
3) The effects of processing on the binding of polyphenols to different cell wall 
polysaccharides 
4) The important role of plant cell walls and gastric mucin in modulating the bioaccessibility or 
the amount of release of polyphenols during gastric digestion 
The present project addresses the above questions and narrows these gaps in knowledge by having 
the following research aims: 
1) To investigate plant cell membrane disruption processes and the release and localization of 
polyphenols for a better understanding of the process conditions i.e. temperature, pH, time 
required for polyphenol release and cell wall binding (chapter 2) 
2) To investigate the dynamics of polyphenol binding to cellulose and mechanisms of binding 
as affected by food processing conditions using bacterial cellulose as a plant cell wall model 
(chapter 3) 
3) To investigate the effects of local cell wall architecture and cell wall compositional changes 
induced by food processing on the extent of polyphenol interactions (chapter 4) 
4) To investigate the bioaccessibility of polyphenols associated with cell walls during gastric 
digestion by applying an in-vitro gastric digestion model (chapter 5) 
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CHAPTER 3 POLYPHENOL BIOACCESSIBILITY FROM APPLE TISSUE 
DEPENDS ON THEIR LOCATION AND RELEASE UNDER DIFFERENT 
FOOD AND DIGESTIVE PROCESSING CONDITIONS 
Abstract 
The factors affecting polyphenol bioaccessibility (release from the food matrix) are of importance 
to understand potential beneficial effects on human health. By directly locating major phenolic 
compounds within cells in apple pieces and measuring their release under different thermal 
processing and acidic digestion conditions, factors that promote polyphenol release were defined. 
The integrity of the plasma membrane and tonoplast membrane were also assessed using specific 
histological probes. The results indicated that membrane disruption occurred over 60 °C  after 
processing for more than 5 mins, and was an efficient trigger for polyphenol release to increase 
from 15% to more than 50%. Confocal microscopy of phenolic compounds in apple cells after 
thermal processing showed a clear relocation from uniform distribution in vacuoles to localization 
around cell walls, suggesting that the non-released polyphenols were cell wall associated. However, 
no additional polyphenols were released as a result of acidic treatments (pH 2 – 5). 
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3.1 Introduction 
Phenolic compounds accumulate in different plant tissues and cells during ontogenesis, playing a 
significant role in defense against biotic and abiotic stress [75]. Plant polyphenols are products of 
the secondary metabolism of plants and include e.g. flavonoids that are directly responsible for 
many of the colour, taste and nutritional properties of fruit [26]. The detection of pigments and 
specific flavonoids can provide a useful indication of e.g. plant maturity [215] and food quality. In 
addition, interest in dietary phenolics has increased greatly due to their antioxidant properties and 
relation with the prevention of chronic and degenerative diseases [24]. Furthermore there is interest 
in using flavonoids as nutritional dietary supplements.  
The nutritional effects of polyphenols depend not only on the amount consumed but also on their 
bioaccessibility (release from food matrix) and bioavailability (uptake) after digestion. Only the 
compounds released from the food matrix are potentially bioavailable in the small intestine for 
uptake. Polyphenol bioaccessibility and release during digestion and processing are topics of 
current research interest. In some fruits, e.g. apple and grape, the binding of phenolic compounds to 
the extracellular matrix, i.e. cell walls of fruits, is proposed to be responsible for their limited 
bioavailability [11, 12, 57]. As a result, the level of polyphenols in fruits and vegetables can be 
underestimated using conventional quantification techniques such as high-performance liquid 
chromatopraphy (HPLC) [7]. In some cases, the loss of cell integrity in plant tissue by chewing or 
processing may lead to improved polyphenol release and higher extraction yields [12]. Enhanced 
understanding of the role that cellular structure plays at the macroscopic and molecular level, as 
well as quantification of the effects that different methods of preparing fruits and vegetables have 
on tissue integrity, will help to explain the mechanisms behind the limited bioaccessibility of 
polyphenols. 
Quantification of polyphenols in fruits is usually achieved by spectrophotometric methods and/or 
high-performance liquid chromatography. Other analytical methods include enzymatic tissue 
preparation [216] before chromatographic analysis, or isolation of organelles for enzymatic studies 
or protoplasts for preparation of vacuoles combined with light microscopy [78], fluorescence and 
electron microscopy [75, 215].  
The auto-fluorescence of polyphenols in e.g. apples can be applied to study their tissue and cellular 
localization by confocal laser scanning microscopy (CLSM). Optical methods are preferable 
because they are fast and non-destructive. However, direct microscopic observation of phenolic 
compounds is limited as many target compounds are non-coloured and only show weak 
fluorescence. It has been reported that other techniques such as immunocytochemical detection 
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using specific antibodies [217], histochemical staining with chromogenic reagents [218], or 
induction of secondary fluorescence e.g. flavonoid staining with Naturstoffreagenz A [219] can be 
applied. Special attention has been paid to localization of polyphenols, in particular flavonoids, in 
cells and tissues in grape and apples [69, 215]. Polyphenols are mostly present in the vacuole of 
plant cells which is bounded by the tonoplast membrane. Bioaccessibility therefore requires passage 
across or breakage of the vacuolar tonoplast membrane, the plasma membrane that constrains the 
total cell contents, and the extracellular cell wall before molecules can be released from a single cell. 
For a tissue piece, release of polyphenols can require multiple passages across membranes and cell 
walls. 
Apples possess a large amount of phenolic compounds of which the major polyphenols are 
flavonoids [18]. In the present study the distribution of flavonoids in apple fruit was visualized by 
confocal laser scanning microscopy in combination with Fluorescein diacetate (FDA) and Neutral 
Red (NR) staining. This combination of techniques allows direct observation on thick samples e.g. 
hand cut sections, based on specific chemical fluorescence characteristics and provides information 
on the localization of phenolic compounds in plant tissues more precisely than by conventional 
fluorescence microscopy [75]. Furthermore FDA staining and NR staining allow for more specific 
measurements such as cell viability (plasma membrane integrity) and vacuole (tonoplast membrane) 
integrity. A combination of these techniques is a powerful approach to gaining a better 
understanding of the release of these functional components during processing of fruit and 
vegetables. In particular the effect of pH and thermal treatments (temperature and exposure time) on 
polyphenols location and release from apple tissues was investigated.  
The aim of this study was therefore to confirm the vacuolar location of polyphenols in apple tissue 
and to define the thermal and pH conditions required to permeabilize tonoplast and plasma 
membranes sufficiently to cause the release of flavonoid polyphenols. The processing conditions 
chosen are relevant to both food processing and digestive conditions, providing insights into the 
factors that can control bioaccessibility. The integrity of tonoplast and plasma membrane is 
proposed to be a crucial factor that determines polyphenol bioaccessibility by regulating the 
contacts between polyphenol and cell walls under different processing conditions. 
3.2 Materials and methods 
3.2.1 Thermal processing and pH treatments 
Fresh apples (Pink Lady®, purchased from a local supermarket (Brisbane, Australia) at the ready-
to-eat stage) were longitudinally sectioned into sixteen portions and 1 cm3 cubes were cut from the 
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center of each portion (Fig 3.1). Apple cubes were immersed in 20ml water at 40°C, 60°C, 70°C, 
80°C and 90°C for different time intervals (2 min, 5 min, 10 min, 20 min and 30 min). Similarly, 
apple cubes were incubated in different pH solutions (pH 2, pH 3, pH 4 and pH 5) for different 
exposure times (2 min, 5 min, 10 min, 20 min and 30 min). The pH was adjusted with 1M 
hydrochloride acid. 
Apple cubes with different thickness (1 cm, 0.8 cm and 0.5cm) were also treated with 20 ml acid 
solution pH 2 to investigate the intactness of vacuoles as a function of acid diffusion time. 
 
Fig 3. 1 Apple sectioning procedure 
3.2.2 Polyphenols analysis using high performance liquid chromatography (HPLC) 
Fresh apples were peeled and the core was removed. They were cut into small pieces and blended in 
a kitchen blender (Sunbeam, Australia) for 30 s at the highest speed. The resulting puree was 
incubated in 60 % methanol aqueous solution on ice for 30 min. The sample was centrifuged at 
12000 rpm for 10 min at 4 °C  to separate the insoluble solids. After collection of the supernatant, 
the residual pellet was treated again with 60 % methanol aqueous solution and centrifuged. This 
procedure was repeated three times. The combined supernatant was filtered through a 0.22 µm 
syringe filter prior to HPLC analysis.  
The contents of individual phenolic compounds in ‘Pink lady’ apples were determined using a 
Dionex® HPLC system equipped with a Dionex® UV-vis detector (UVD170U). An Agilent® C18 
column (250×4.6mm I.D., 5µm) protected with a C18 guard cartridge was utilized with a binary 
mobile phase consisting of methanol (solvent A) and distilled water with 1% trifluoroacetic acid 
(solvent B). The gradient elution was performed as follows: solvent B 90-75 % from 0 to 30min; 
75-50 % from 30 to 80 min; 50-90 % from 80 to 95 min. Samples were analysed at a flow rate of 1 
mL/min. The column temperature was maintained at 30 °C . The injection volume was 20 µL, and 
the UV diode array detection wavelength was set at 280 nm. Standards used to quantify the HPLC 
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data which were used to prepare a 5-point regression curves (r2 > 0.99) were gallic acid, 
chlorogenic acid, caffeic acid, (+)-catechin, (-)-epicatechin, phloridzin, quercetin 3-galactoside, 
quercetin 3-rhamnoside, quercetin 3-rutinnoside, quercetin obtained from Sigma Chemical Co. (St 
Louis, USA), and procyanidin B2 obtained from Chengdu Biopurify Phytochemicals Ltd. (Chengdu, 
China).  
3.2.3 Staining procedures  
Sections were cut with the help of a razor blade from the center of the treated apple cubes and 
washed in Milli-Q water to remove the contents of broken cells from the surface of the hand-cut 
sections before any staining procedures.  
For cell wall staining, Calcofluor White M2R (Sigma-Adlrich, Australia) and Pontamine Fast 
Scarlet 4B (P4B) (alternative name Direct Red 23, Sigma-Adlrich, Australia) were applied. Sections 
were incubated in 0.1 % (w/v) Calcofluor White M2R in distilled water for 5 min. Alternatively, 
sections were stained in P4B (0.1 % (w/v)) in Milli-Q water for 5 min. In all cases, the stained 
sections were washed in Milli-Q water to remove excess stain and mounted on slides for 
observation. 
For analysis of cell viability, a 75 µM Fluorescein diacetate (FDA) solution was used for staining 
the apple cells. The staining solution was made fresh by adding 15 µl of a 4.8 mM FDA stock 
solution in acetone to 985 µl Milli-Q water. The section was immersed in staining solution and held 
for a range of contact times i.e. 5 min, 10 min, 20 min and 30 min to determine the optimum 
staining time. It was found that 20 min was an adequate time to allow uptake of FDA inside cells, 
therefore this incubation time was used for all samples.  
For the comparative observation of cell viability, Neutral Red (Sigma-Aldrich, Australia) was used. 
Stock solutions of 5 mg/ml in acetone can be stored at 4 °C  protected from light for several weeks. 
The working solution was diluted to 0.5 mg/ml in 0.4 M mannitol-0.01M HEPES buffer pH 7.8 and 
was always prepared fresh. Sections were incubated in NR solution for 4 h. Staining was followed 
by brief washing in mannitol-HEPES buffer. 
For visualization of the auto-fluorescent apple polyphenols, Naturstoff reagent A (2-aminoethyl-
diphenylborinate, Sigma-Adlrich, Australia) was used to amplify the fluorescence signal. 2 % NA 
in ethanol (stock solution) was diluted to 0.2 % in Milli-Q water for staining apple sections. 
Following 10 min of incubation, sections were washed with Milli-Q water and observed under the 
microscope.  
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3.2.4 Confocal laser scanning microscopy (CLSM) 
Specimens were mounted in water on quartz microscope slides and covered with quartz coverslips. 
Apple tissues were assessed using a Leica SP5 confocal laser scanning microscope (Leica 
Microsystems, Wetzlar, Germany). The optimal excitation laser and emission collected conditions 
were determined for each stain and are described in Table 3.1.  
Table 3. 1 Excitation and emission wavelength of different stains 
 Excitation wavelength used Emission wavelength used 
Calcofluor White M2R (CalFW) 405 nm 430 nm 
Direct Red 23 (P4B) 555 nm 615 nm 
Fluorescein diacetate (FDA) 488 nm 518 nm 
Netural Red (NR) 488 nm 590 nm 
Naturstoff reagent A (NA) 488 nm 460 nm 
 
3.2.5 Light microscopy 
Integrity of vacuoles was assessed using an Olympus BX61 microscope (Olympus Optical Co., Ltd, 
Tokyo, Japan) equipped with a cross polarizer by assessing uptake level of NR stain. Hand-cut 
stained sections of treated samples were mounted on quartz microscope slides and covered with a 
cover slip and observed under 5× and 10× objective lens. 
3.2.6 Total phenolic content 
Fresh and treated apple samples were ground using a mortar and pestle kept on ice and the 
polyphenols were extracted with 80 % methanol for 2 h at 4 °C. All the samples were centrifuged 
for 15 min at 4000g to remove insoluble solids.  
The supernatants were analyzed for total polyphenols by the Folin-Ciocalteu method [220]. The 
absorbance at λ = 765 nm at room temperature was measured on an UV/Vis spectrophotometer 
(UV-1700 PharmaSpec, Shimadzu, Japan). Polyphenols were quantitated by means of calibration 
curves generated with gallic acid. The results were expressed as µg gallic acid equivalents/g of 
sample.  
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3.3 Results 
3.3.1 Apple polyphenol profiles 
The main polyphenols found in ‘Pink Lady’ fruit are presented in Table 3.2. The flavan-3-ols 
catechin, epicatechin and procyanidin B2 are present in high amounts representing 45 % of total 
polyphenols, consistent with previous studies showing that flavan-3-ols are the predominant group 
of polyphenolics in apple flesh [54]. Apple fruit also contains considerable amounts of 
hydroxycinnamic acid derivatives which are mainly represented by chlorogenic acid. In ‘Pink Lady’, 
the amount of chlorogenic acid is higher than other varieties e.g. 47 % of total polyphenols vs 18 % 
in Fuji [51]. Another important and characteristic apple polyphenol is phloridzin, representing 2 % 
of total polyphenols. Flavonols in apples are a mixture of different quercetin glycosides with 
variations among different varieties. In ‘Pink lady’, quercetin 3-galactoside, quercetin 3-rhamnoside 
and quercetin 3-rutinoside represent total flavonols, accounting for 6 % of total polyphenols. The 
major flavonoid classes occurring in apple flesh are flavonols, monomeric and oligomeric flavan-3-
ols and dihydrochalcones. In general, polyphenols in ‘Pink Lady’ apple flesh are composed of two 
major groups i.e. hydroxycinnamics and flavonoids. 
 
Table 3. 2 Polyphenols content of ‘Pink Lady’ apple fruit analysed by HPLC. Results given in mg 
per 100 g fresh fruit. n.d.= not detected, sd = standard deviation of duplicate.  
Phenolic compounds mg / 100 g FW ± sd 
Gallic acid 0.61 ±  0.10 
Chlorogenic acid 65.58 ± 6.80 
Caffeic acid 1.32 ± 0.31 
Total hydroxycinnamics 67.51 ± 2.40 
Catechin 9.82 ± 0.94 
Epicatechin 32.79 ± 4.17 
Procyanidin B2 18.96 ± 2.83 
Total flavan-3-ols 61.57 ± 2.64 
Quercetin n.d. 
Quercetin-3-galactoside 2.54 ± 0.89 
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Quercetin-3-rutinoside 3.71 ± 0.56 
Quercetin-3-rhamnoside 1.21 ± 0.34 
Total flavonols 7.46 ± 0.60 
Phloridzin 2.78 ± 0.50 
Total dihydrochalcones 2.78 ± 0.50 
Total flavonoids 71.81 
 
3.3.2 Cell viability evaluation 
Sections of apple stained with FDA showed clear, bright green fluorescent outlines of intact cells 
(Fig 3.2). An unstained apple section exhibited no auto-fluorescence (Fig 3.2D), suggesting that all 
fluorescence visible in samples was from FDA hydrolysis. FDA staining was time dependent (Fig 
3.2), i.e. it takes time for FDA to penetrate into cells through cell walls and plasma membrane. At 
least 20 min contact time was required for FDA uptake, which is consistent with previous studies 
[222], this incubation time was selected as the optimal for observation of apple flesh cell viability.  
The diameter of apple flesh cells was between 50 µm and 300 µm. The sections were around 300-
400 µm thick, indicating that there were many layers of cells, which was verified by z-stack CLSM 
(Fig 3.3). Sectioning can cause cell disruption at the cut surface, therefore, optimal visualisation 
could only be obtained from the uppermost two or three layers of intact cells below the apple cut 
surface.  
Double staining with FDA/P4B showed structurally intact cells in which cellulosic cell walls and 
cytoplasm could be observed (Fig 3.4). Pontamine Fast Scarlet P4B is a cellulose-specific stain 
applied recently for visualization of growing plants [223]. It not only shows high specificity, but 
also overcomes the partial overlap of the fluorescence emission spectra of fluorescein and the 
traditionally used cellulose stain – Calcofluor White M2R. In addition, the emission wavelength of 
P4B fluorescence differs from that of the vacuole-stain (NA), allowing the dual visualization of cell 
walls and vacuolar membrane integrity. Thus P4B is an ideal stain for cell walls. During penetration 
through cell walls, fluorescein was likely to bind to cell walls (Fig 3.3) that made a combined 
colored fluorescence of P4B-labelled cell walls (Fig 3.4C). 
Confocal microscopy of FDA/P4B-stained apples showed that FDA was confined to the cytoplasm 
surrounded by cell walls with circular shape in cross-section (Fig 3.4C). However, it is important to 
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note that the plasma membrane also encloses the tonoplast i.e. vacuolar membrane surrounding a 
vacuole which occupies as much as 90% of the volume of mature apple cells and acts as a storage 
of phenolic compounds. Therefore, studies of the vacuolar membrane are necessary to provide 
evidence of polyphenol localization. 
 
Fig 3. 2 Fresh apple sections incubated with FDA stain for 5 min (A), 10 min (B) and 20 min (C) 
observed under confocal laser scanning microscopy. The images show different levels of FDA 
uptake represented by the intensity of the green colour. After 20 min incubation, clear and intact 
outlines of apple cells could be observed. Black areas represent damaged cells with no FDA 
fluorescence at the edge of the sample (D). 
 
Fig 3. 3 Confocal laser scanning images of a handcut section of apple flesh incubated with FDA for 
20 min, taken at different depths into the sample i.e. 47.53µm (surface), with no viable cells 
observed due to hand-cutting; 166.36µm (middle), with intact cells visible; 297.08µm (bottom), 
with some green fluorescence visible from upper layer of cells 
 
 
 
A  
 
B 
 
 
C 
 
D 
47.53μm 166.36μm 297.08μm 
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Fig 3. 4 Fresh apple sections double-stained with P4B (A) and FDA (B) observed under confocal 
laser scanning microscopy. P4B binds to cell walls (red). FDA staining reveals intact living cells 
(green), FDA might bind to cell walls. Co-localized P4B (red) and FDA (green) fluorescence show 
bright yellow (C). 
 
3.3.3 Neutral Red (NR) as a probe for the integrity of vacuoles 
The vacuolar system of apple cells was studied for its NR-accumulation properties due to the dye’s 
rapid penetration into plant tissues and relatively low toxicity [225]. The signal intensity depends on 
the amount of accumulated dye. Accumulation of neutral red dye has been reported in fresh 
vegetative tissues of onion and verified as a method to determine vacuolar membrane integrity 
[227].  
Incubation in 0.05 % NR (w/w) prepared in 0.4 M mannitol-0.01 M HEPES buffer for 4h was 
sufficient for visualization of vacuoles by light microscopy and confocal microscopy. Even 
prolonged incubation for up to 6h did not result in significant differences. Hand-cut section 
specimens stained with NR showed viable cells, empty cells and air spaces (Fig 3.5A).  The cells 
were almost totally filled with large red vacuoles characteristic of mature apple cells. Empty cells 
with unstained areas were visible, probably as a result of damage during sectioning. Stained apple 
vacuoles were never detected in cells close to the section plane but only in deeper layers of the 
apple tissue. Air spaces within the tissue appeared as black regions and are characteristic of the 
flesh tissue of Pink Lady. It has been previously reported that the air volume in apple tissues is 
around 7%-25% [228]. 
A B C 
44 
 
 
Fig 3. 5 Fresh apple section stained with Neutral Red observed by light microscopy (A) and 
confocal laser scanning microscopy (B). Under light microscopy, the living cells containing 
absorbed NR are red, whilst dead cells are shown in white-yellow and empty areas are black. Under 
CLSM, living cells are represented in red. 
3.3.4 Intracellular flavonoid visualization in fresh parenchyma tissue of apple 
The major groups of polyphenols in ‘Pink Lady’ fruit are hydroxycinnamic acids and flavonoids 
(Table 3.2). Only hydroxycinnamic acids are suitable for direct analysis, being strongly auto-
fluorescent when excited at appropriate wavelength [75], while flavonoids exhibits only low auto-
fluorescence that can be improved by Naturstoff Reagent A (2-aminoethyl-diphenylborinate) [219]. 
Auto-fluorescence of phenolic compounds was measured in violet, blue, green and red region of the 
visible spectrum. Only weak fluorescence of apple cells excited by blue light was observed 
probably originating from chlorogenic acid and flavonoids [229], which agreed with the results of 
UPLC that these are the major phenolic components in the apple parenchyma tissue (Table 3.2). 
Therefore, excitation at 488nm and the emission spectrum of flavonoids at 420-560nm was applied 
to visualize fluorescence of phenolic compounds. 
NA is a common fluorescent dye to detect flavonoids [69, 75, 219]. The same sample cross-section 
after treatment with 0.2% NA showed a 5 times stronger fluorescence intensity under the same 
confocal conditions (Fig 3.6). The stain-specific, blue fluorescence is due to the presence of 
flavonoids and is highly dispersed across the cells, likely to be confined inside vacuoles (Fig 3.7). 
Cell walls are clearly observed, as shown in Fig 3.6A. Double-labelling of cell walls and 
polyphenols allowed a clear assessment of the distribution of polyphenols in parenchyma cells. In 
Figure 3.7, the fluorescence from cell walls and flavonoids is visible as red and blue, respectively.   
A B 
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Fig 3. 6 Auto-fluorescence and NA induced fluorescence of an identical apple tissue section is 
observed under confocal laser scanning microscopy. An apparent increased fluorescence signal 
induced by NA appears in B. 
 
 
Fig 3. 7 CLSM images of NA and P4B induced fluorescence in apple tissues (C). Blue fluorescence 
represents flavonoid-accumulating areas after NA staining (A). Cell walls of apple cells are red 
after P4B staining (B). 
 
3.3.5 Thermal processing releases flavonoids from vacuoles 
Vacuoles in apple parenchyma tissues were sensitive to temperature. Results of vacuole disruption 
are summarized in Table 3.3. The vacuoles were vulnerable even at 40°C when exposed up to 5 min. 
Samples treated at temperatures above 60°C showed a complete absence of viable cells by NR 
staining (Fig 3.8 E, F, G, H) irrespective of exposure time. There were some faintly stained areas in 
the samples treated at 40°C and 60°C for a short exposure e.g. less than 5min (Fig 3.8 A, C) 
indicating a time-dependent disruption process at low temperatures. NR has chemical affinity for 
phenolic substances in the cell sap [230], lipophilic structures and cell walls [231] and plant nuclei 
[232]. Therefore, the faint staining was interpreted as non-acidotropic accumulation of NR. A color 
shift is likely to take place when the contents of the vacuole, cytoplasm and extracellular solution 
mix as a result of disruption of the tonoplast membrane. Similar results were observed for onion 
A B 
A B C 
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cells [227]. In this sense, the faint color is a signal of vacuole disruption which started after a short 
exposure time under mild conditions, as heat was transferred from the surface towards the center.  
By contrast, the cell (plasma) membrane is not as sensitive as the tonoplast to temperature. Heating 
at 60 °C  for 5min exerted no apparent effects on cell membranes (Fig 3.9). Higher temperature i.e. 
above 70 °C  for up to 20min resulted in dead cells with damaged cell membrane but intact cell 
walls. The plasma membrane is therefore an important factor in determining the release of vacuole-
stored contents e.g. polyphenols.  
The fluorescence signal (NA-stained polyphenol) changes from uniform to localized when the 
tonoplast and membrane are disrupted. Changes in the spatial distribution of the fluorescent signal 
are indicative of polyphenol concentrations being greater towards the cell walls. However, large 
magnification images of parenchyma tissue sections showed that fluorescence (blue) was 
concentrated and confined by a boundary in the inner wall of parenchyma cells, and not attached to 
the bulk of the cell walls directly (Fig 3.10C). Polyphenol distribution in thermally treated cells was 
different compared to fresh tissues and tissues in which cell membranes were intact. It is evident 
that thermal processing increased polyphenol diffusion from vacuoles and increased contact with 
cell walls. 
Table 3. 3 Intactness of cell membrane and vacuoles of apple parenchyma tissue subjected to 
thermal processing assessed by microscopy  
 Cell membrane (FDA stain)  Vacuolar membrane (NR stain) 
 40 °C  60 °C  70 °C  80 °C  90 °C   40 °C  60 °C  70 °C  80 °C  90 °C  
2min √ √ √ √ √  √ √ × × × 
5min √ √ √ √ ×  o o × × × 
10min √ √ √ √ ×  o × × × × 
20min √ √ × × \  o × × × \ 
30min √ × × × \  o \ \ \ \ 
√  intact; ×  broken; o partially broken; \  not studied 
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Fig 3. 8 Uptake of NR by the apple parenchyma tissue after thermal processing under light 
microscopy. Arrows in D, I, J reflect the faint staining 
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Fig 3. 9 Confocal FDA/P4B fluorescence images of the apple parenchyma tissue. Columns 
represent the images result of the processing time: 5 min, 10 min, 20 min. Rows pertain to thermal 
treatments 60 °C, 70 °C , 80 °C . Areas of green fluorescence show viable cells with intact 
membrane. Red fluorescence represents cell walls. 
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Fig 3. 10 Localization of polyphenols (flavonoids) in apple parenchyma tissues by confocal laser 
scanning microscopy. (A) NA-stained fluorescence in fresh sample; (B) NA-stained fluorescence in 
boiled sample in which there is no intact cell membrane; (C) Enlargement of thermal treated apple 
parenchyma cross-section in G shows co-localization of NA (blue) and P4B (red); (D, E) NA-
stained fluorescence in samples subjected to different thermal treatments; (F, G, H, I) NA/P4B 
fluorescence in samples subjected to different thermal treatments. 
3.3.6 pH effects on polyphenol localization 
The uptake of NR dye into cells incubated in solutions with variable pH is shown in Fig 3.11A. 
None of the tested acidic treatments had any apparent impact on vacuole integrity. In preliminary 
experiments it was found that the vacuoles in upper layers of cells were more easily destroyed when 
subjected to acids, therefore apple tissue samples with different thickness were incubated in acid at 
pH 2. After incubation for 30 min, the vacuoles in 0.5 cm thick apple samples were almost gone. 
Assuming that acid effects on vacuolar integrity are immediate, it can be estimated that it takes 
around 30 min for acid penetration into 200-250 µm thick apple tissue.  
70℃!for$10min 80℃!for$10min 90℃!for$2min 
60℃!for$5min 60℃!for$5min 70℃!for$5min A B C 
D E F 
G!
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Similarly, cell plasma membranes could survive low pH i.e. pH 2 as well (Fig 3.11B). This 
correlates with the greater stability of cell plasma membranes to heat than vacuolar membranes. 
As both plasma membrane and vacuolar membrane were intact, most polyphenols were confined in 
vacuoles after pH treatments (Fig 3.12). This was in agreement with fluorescent images in which 
fluorescence was dispersed around the cells, differing from the disrupted cells in which polyphenols 
concentrated around cell walls (Fig 3.10G, H, I). The distribution of polyphenols was similar to that 
observed in fresh apple samples. 
 
Fig 3. 11 (A) Uptake of NR by apple parenchyma tissue after acidic treatments under light 
microscopy. (B) Confocal FDA/P4B fluorescence images of apple parenchyma tissue subjected to 
treatment at pH 2, pH 3, pH 4 and pH 5 for 30min. The cell membrane can apparently survive 
prolonged low pH exposure. 
 
 
Fig 3. 12 Confocal NA/P4B fluorescence images of control (fresh), and acid treated (pH 2 and pH 5 
for 30min) apple parenchyma tissue. 
pH 3 30min  
pH 5 30min  
pH2 30min 
pH 4 30min 
A 
pH 4 30min pH 5 30min 
pH 3 30min pH 2 30min B 
Fresh pH#2#30min pH#5#30min 
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3.3.7 Polyphenol release by heat and acid 
Total polyphenols content in apple tissues and leachate were determined colorimetrically; results 
are shown in Table 3.4. The release of polyphenols from untreated controls was below 20% even up 
to 30min, and presumably represents loss of polyphenols from some surface and damaged cells. The 
release of polyphenols increased with the severity of the thermal treatment (temperature and time), 
however pH did not have any effect on polyphenol release. Based on the microscopy results, it can 
be concluded that 20min at high temperature i.e. above 60 °C is a critical time point for membrane 
disruption which was consistent with chemical analysis (Table 3.4). There was a significant 
difference between thermal treatment for 10min and 20min, except at 40 °C. According to 
microscopy results, above 60 °C for more than 20min will cause both cell membrane and vacuolar 
membrane disruption, which is in accordance with chemical analysis of polyphenol release. When 
cells were disrupted (i.e. at 20 min or greater at 60 °C or greater), the release of polyphenols did not 
show major differences with time or temperature.  
In contrast, under acidic conditions, less than 20% release was observed which was at the same 
level as control. Membranes appear to be relatively insensitive to low pH.  
Although thermal processing increased the release of polyphenols before and after cell disruption, 
there was a large amount of polyphenols that were not released and which are presumed to be 
bound to cell walls, ranging from around 40% to 50% (Table 3.4). 
Table 3. 4 Total polyphenol release following thermal and acidic treatments 
 Polyphenol release (%) 
Exposure time  10min 20min 30min 
Control  13.85±2.50 a 16.14±1.32 a 14.17±1.54 a 
Thermal 
treatments 
40 °C  18.41±0.68 ab 22.89±4.91 b 27.21±7.64 b 
60 °C   32.93±2.00 c 50.06±4.81 d 48.25±0.14 d 
70 °C   33.66±1.37 c 48.77±4.41 d 53.21±0.07 d 
80 °C  38.63±0.59 c 48.04±1.80 d 53.64±0.47 dg 
90 °C  46.99±1.39 de 56.70±0.12 f 56.45±0.26 fg 
Acidic conditions pH 2 12.29±0.14 a 12.18±0.43 a 12.49±0.55 a 
pH 5 12.18±0.84 a 13.31±0.01 a 12.48±0.46 a 
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3.4 Discussion 
Polyphenols are a common component in plant tissues, playing a biological role by regulating 
growth hormones, protecting against radiation and microbial/fungal infections. They are abundant 
in leaf tissues, flowers and young or unripe fruits but decrease during fruit ripeness, which can 
cause difficulty in detecting polyphenols in mature (apple) fruit. Most of the auto-fluorescent 
phenolic compounds are difficult to detect directly by fluorescence microscopy because of their 
high dilution in the cell sap. Besides, the polyphenols with colour or auto-fluorescent property are 
concentrated in peel, while mostly colourless or slightly fluorescent polyphenols are mainly in the 
fruit of e.g. apples, which also limits their detection by direct microscopic techniques. In this study, 
indirect way to trace polyphenols was applied by monitoring the integrity of membrane boundary 
(i.e. plasma membrane, tonoplast).  Fluorescein diacetate (FDA) was used to assay plasma 
membrane integrity (cell viability). FDA is a non-fluorescent cell-permeant esterase substrate in its 
native state, and its acetate moieties will be cleaved by endogenous esterases after entering into a 
living cell to produce fluorescein which is membrane impermeable and brightly fluorescent under 
blue light [221]. Living cells will therefore actively convert the non-fluorescent FDA into green 
fluorescent fluorescein, a sign of viability, while plasma membranes disrupted by mechanical 
damage or thermal treatments cause complete lack of fluorescence, a sign of damaged membrane. 
NR is a lipophilic phenazine dye which is able to pass through the plasma membrane and tonoplast 
of viable plant cells, and is trapped in acidic compartments e.g. vacuoles due to protonation. It has 
been identified as the most suitable dye for the staining of vacuoles since 1930 [224] and been 
widely used in various biological system as a vital stain for bright-field microscopy and confocal 
laser scanning microscopy [225, 226].  
Phenolics in fruits exist in both soluble free and bound forms. Flavonoids are initially synthesized 
via a well-characterized multi-enzyme complex localized in the cytoplasmic surface of the 
endoplasmic reticulum and transported to the vacuole and the cell wall [69]. It has been reported 
that proanthocyanidin monomers are transported into the vacuole and polymerized there [73]. 
Flavonol glycosylation promotes their accumulation in plant cell vacuoles by increasing solubility. 
Water-soluble and free-form flavonoids are also likely to be stored in vacuoles e.g. flavanols [69] 
and acylated flavonol glycosides [74], while  flavonoids may be released in small vesicles that fuse 
in larger bodies and migrate to the cell walls in response to environmental stress [74]. Therefore, 
there are two main accumulation sites of flavonoids depending on their different substituting group 
which determines their solubility, specific transporters as well as specific functions. For example in 
grape berry, free tannins are inside the vacuole, whereas bound tannins are localized in the cell wall 
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via linkage to polysaccharides [233]. A relatively high amount of chlorogenic acid was observed in 
the ‘Pink Lady’ samples, probably due to long storage. Hydroxycinnamic acid derivatives have 
been reported to contribute to cell wall formation through esterification with polysaccharides [234]. 
The phenolic compounds visualised in Fig 3.6A & 3.7A where fluorescence was most intense 
around the cell surface were assumed to be cell-wall sited chlorogenic acid and flavonoids. As apple 
has a high proportion of free phenolics which may be more available for adsorption, the majority of 
phenolics accumulate in vacuoles. Therefore, the stain was visible and of uniform intensity across 
the vacuoles, although there was a brighter region lining the cell surface (Fig 3.7).  
In this study, two levels of thermal stress (temperature / time combinations) were distinguished with 
regard to whether they have effects on membrane integrity (Table 3.3) and consequent phenolic 
bioaccessibility (Table 3.4) or not.  Exposure to 60 °C or higher temperatures caused continuous 
time-dependent increases in membrane disruption that released phenolic compounds. At 90 °C, 
membrane disruption occurred very quickly with sustained release of polyphenols (Tables 3.3 and 
3.4).  Thus minimal or low temperature food processing allows consumers to have fresh-like quality 
fruits and vegetables, but more physical processing e.g. chewing is required for nutrient release. The 
results were consistent with previous reports on onions that membrane integrity was lost between 
50-60 °C [227]. From the results of tonoplast membrane integrity which can tolerate 60 °C for 5min 
(Fig 3.10), it is reasonable to assume that it takes at least 5min for heat transfer with a low heat 
gradient from the outside to inside of the apple cube to induce membrane disruption. Apple tissue 
subjected to 38 °C showed adaptation to elevated temperature and  various environmental stresses 
within an optimum range [235]. It has also been proposed that treatment in the range 40-70 °C can 
activate the enzyme pectin methylesterase, which triggers the de-esterification of pectin and may 
increase intercellular adhesion. The strong cell-cell adhesion protects the cells from heating stress 
and maintains the intactness of the cells. Higher temperature (above 60 °C) initiates pectin 
solubilisation and further degradation that reduces cell-cell adhesion [236], along with  the absence 
of turgor pressure and interstitial air spaces [227]. Membrane susceptibility to treatment 
temperature and exposure time depends on food origin. In kiwi fruit, blanching for 5min resulted in 
breakdown of cell membrane [237]. Interestingly, the extracellular membrane was more durable 
under heat stress than intracellular membranes, as found in the current study. The extracellular 
membranes (plasma membrane) differ from intracellular membranes (e.g. tonoplast) in structure 
and lipid composition, which results in different physiological functions under different conditions 
[238]. Heat stress can induce changes in lipid composition in apple tissue that influence membrane 
fluidity [235].  
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Fleshy fruit is acidic due to the presence of organic and phenolic acids in vacuoles. The 
concentration of these acids in fruit cells is a primary determinant of fruit quality. Normally, the pH 
of apple fruit is around 4.2, consistent with stability of membranes to pH 4 and 5 treatment (Fig 
3.11A and B).  The uptake of neutral red confirmed the intactness of the vacuoles treated in acidic 
medium (pH 2 - 5) [226]. The reported preparation method of protoplasts by using less acidic buffer 
(pH 6.0) also indicated that cells can tolerate these conditions [216]. In the human GI tract, food 
initially encounters an acidic environment of gastric fluid at about pH 2, with pH subsequently 
increased to above 4.5 by the buffering capacity of the food mixture. The acidity of the stomach 
depends on the composition of the food, acid and enzyme secretions, emptying of the stomach 
contents, and is therefore not constant throughout the digestion. A few authors considered as 
relevant a pH of 4 associated with the mid-step of gastric digestion [239], which is similar to fresh 
apple fruit acidity. Even low pH i.e. pH 2 did not cause membrane disruption (Fig 3.11 and 3.12) or 
polyphenol release (Table 3.4).  After stomach digestion, pH will vary from 5.4 to 7.5 in the 
duodenum, 5.3 to 8.1 in the jejunum, and 7.0 to 7.5 in the ileum [240]. As there was no evidence 
from this study of membrane disruption or polyphenol release at pH 2-5, mechanical breakdown is 
probably more important than acidic conditions in promoting polyphenol bioaccessibility in the 
stomach.  
The beneficial role of fruit and vegetable phenolic compounds on human health depends not only 
on their chemical structure but also on their bioaccessibility (release from food matrix) and 
bioavailiability (uptake) after digestion. Only the compounds released from the food matrix are 
potentially bioavailable in the small intestine. Previous studies have reviewed the evidence 
indicating that food microstructure affects the efficient release of several nutrients, depending on 
grinding and other forces in chewing and gastric processing, food processing e.g. slicing and 
thermal treatments, and (bio)chemical digestion e.g. solubilization by acids and digestive enzymes 
[240]. In general, food processing, especially thermal processing above 60  disrupted cell 
membranes and released intracellular phenolic compounds (Table 3.4). Therefore, polyphenol 
release happens at the beginning of eating thermally processed food. Previous in vitro data [240] 
that suggested the importance of gastric pH for the release of polyphenols from the food matrix are 
not supported by the current study which suggests that gastric pH is not a primary factor in 
controlling polyphenol bioaccessibility. However, the digestive environment will influence the 
released/extractable polyphenols by physical processing, as will selective binding to cell walls, thus 
the bioaccessible apple-derived polyphenolic profile may differ from the total content during 
intestinal digestion [150]. Future work will evaluate these factors by simulating GI digestion of 
apple pieces to understand the release of polyphenols under the digestive environment.  
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3.5 Conclusions 
Major polyphenols in apples i.e. flavonoids were found to be concentrated in vacuoles surrounded 
by intracellular membrane (tonoplast), extracellular membrane (plasma membrane) and cell walls. 
Food processing, especially thermal processing above 60 °C for more than 5 mins disrupted cell 
membranes and was an efficient trigger for polyphenol release. Therefore, the release of 
polyphenols happened at the beginning of eating processed food. In contrast, gastric conditions (pH 
2-5) had minor effects on membrane disruption thus polyphenol release. In the stomach, mechanical 
breakdown is probably more important than acidic conditions in promoting polyphenol 
bioaccessibility. Processing (mechanical, thermal, pH) initially promotes the release of polyphenols 
from intracellular compartments, thus increasing the contact with cell walls. 40%-50% of 
polyphenols was found to be retained by the cell wall matrix which was confirmed by confocal 
microscopy where released polyphenols localized around cell walls after membrane disruption, 
suggesting that plant cell walls seem likely to carry the non-bioaccessible polyphenols to the large 
intestine.  
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CHAPTER 4 ADSORPTION BEHAVIOUR OF POLYPHENOLS ON 
CELLULOSE IS AFFECTED BY PROCESSING HISTORY 
Abstract 
 
The impacts of hydrothermal, mechanical and drying treatments, as representative food processing 
methods, on cellulose binding capacity for food polyphenols have been assessed using bacterial 
cellulose hydrogels as a plant cell wall model system. The results show that boiling and autoclaving 
decrease the binding of polyphenols to a small extent. In contrast, freeze-drying decreases 
polyphenol adsorption onto cellulose by an order of magnitude. Rehydration of the freeze-dried 
cellulose prior to soaking in polyphenol solutions halves this effect. The positive correlation 
between the polyphenol binding capacity and water content suggests that the swelling ability of 
cellulose networks contributes to polyphenol-cellulose interactions. Characterisation of the multi-
scale structure of cellulose hydrogels by combining SEM, XRD, SAXS and SANS indicates that the 
polyphenol binding capacity is strongly affected by the degree of cellulose microfibril aggregation 
and the availability of hydroxyl groups in the cellulose structure. The formation of interfibrillar 
aggregates, connected by a strong hydrogen bonding network as a result of the freeze-drying 
process, has been shown to limit solvent accessibility towards the cellulose ribbons’ interior upon 
rehydration of the samples. This structural modification can be linked to the dramatic decrease in 
the adsorption of polyphenols observed for the freeze-dried rehydrated samples. 
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4.1 Introduction 
Plant-derived foods are widely consumed and are important sources of nutritional components, 
including fibres and phenolic compounds. Soluble and insoluble fibres derived from plant cell walls 
(PCWs) consist of different polysaccharides such as cellulose, hemicellulose and pectin. The 
beneficial role of fruit and vegetable phenolics on human health depends not only on their chemical 
structure but also on their bioaccessibility (release from food matrix) and bioavailability (uptake) 
after digestion. Only the compounds released from the food matrix are potentially bioavailable in 
the small intestine. However, a lack of knowledge on the bioaccessibility of polyphenols limits the 
understanding of their biological effects during and following human digestion. In some fruits, e.g. 
apple and grape, the binding of phenolic compounds to the extracellular matrix, i.e. cell walls of 
fruits, is proposed to be responsible for their limited bioavailability [11, 12, 57]. It has been 
observed that oligomeric and polymeric phenolic compounds bind non-covalently to apple cell 
walls, and the cell wall-polyphenol adsorption mechanism has been proposed to involve weak 
associations, primarily a combination of hydrogen bonds and hydrophobic interactions [15, 187, 
241].  
Fruits and vegetables are consumed not only fresh, but also processed into dried products, jam, juice 
etc. Interactions between specific phenolic compounds such as procyanidins and PCW 
polysaccharides have potential effects on the manufacture of polyphenol-rich products such as wine 
and fruit juices [7, 164, 193]. Multiple pre- or post-processing steps, such as heating, drying, 
squeezing and chewing play an important role in regulating the polyphenol concentrations in 
commercial products and more importantly their bioaccessibility in our diet. Modification of cell 
walls induced by food processing may hinder the bioaccessibility of polyphenols, either by trapping 
them inside the cell or by interacting with cellular structures [16]. Heating, with or without pressure, 
and drying are common industrial processes used to manufacture fruit and vegetable products. It has 
been documented that boiling and drying decrease the binding affinity of apple cell walls to 
procyanidins due to pectin solubilisation and degradation, and by altering the cell wall surface area 
[15, 180].   
Studying the effect of food processing on the interactions of polyphenols with cell walls is 
challenging due to the complexity of PCWs. Bacterial cellulose composites have been studied for 
several decades to mimic cell wall structure in order to minimize such complexity. The most 
efficient production of bacterial cellulose is carried out by the bacterial species Komagataeibacter 
xylinus (formerly known as Gluconacetobacter xylinus). The cellulose fibrillar network is a 
complex system comprising different structural levels in which microfibrils, composed of many β-
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1,4-glucan chains assembled into crystalline and amorphous domains, are considered as the basic 
units. Cellulose microfibrils interact with each other or with other polysaccharides (previously 
added into the culture medium) and assemble into larger structures, i.e. mature fibres or, in the 
specific case of bacterial cellulose, ribbons, which form the basis for cellulose hydrogels and PCW 
structures. Bacterial cellulose hydrogels are composed of ribbons with an average cross-section of 
ca. 40 nm. Based on small angle neutron and X-ray scattering experiments, Martínez-Sanz et 
al.[132] proposed a core-shell model to describe the hierarchical architecture of native bacterial 
cellulose hydrogels. Such a model accounts for the different structural levels involved in the 
cellulose assembly (i.e. cellulose microfibrils and ribbons), as well as for the potential role of 
moisture. Bacterial cellulose ribbons are considered to be a two-phase system with a core, 
composed of the cellulose crystallites surrounded by a hydrated paracrystalline fraction (a dense 
network of hydrogen-bonded cellulose microfibrils and strongly associated water), as well as an 
outer region (shell) consisting of hydrated paracrystalline cellulose with a higher degree of solvent 
accessibility. According to this model, therefore, water plays an essential role in the structure of 
bacterial cellulose hydrogels.  
Studies of binding mechanisms between polyphenols and cell wall polysaccharides [8-10, 13, 14, 
186] have been mostly limited to either fresh fruits and vegetables or unprocessed bacterial 
cellulose composites; questions linked to the impact of different food processing conditions on the 
cellulose structure and its capacity to adsorb polyphenols therefore remain to be answered. In this 
study, bacterial cellulose hydrogels are used as a cell wall model to investigate the influence of 
different thermal, mechanical, pressure and drying treatments on cellulose interactions with model 
polyphenols representing common classes found in foods (epicatechin, phloridzin, and procyanidin 
B2). These polyphenol flavonoids are for example found in apples and are representative of flavan-
3-ols (epicatechin), dihydrochalcones (phloridzin) and proanthocyanidins (procyanidin B2). 
Microstructural changes after processing were determined by scanning electron microscopy (SEM). 
Moreover, the amount and state of water, as well as the effect on the multi-scale architecture of the 
treated cellulose hydrogels was characterised using small angle neutron and X-ray scattering (SANS 
and SAXS) and X-ray diffraction (XRD). The resultant findings are proposed to be of relevance 
concerning cellulose – polyphenol interactions in processed foods. 
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4.2 Materials and methods 
4.2.1 Bacterial cellulose hydrogel production 
Bacterial cellulose was produced by Komagataeibacter xylinus (formerly Gluconacetobacter 
xylinus) (ATCC 53524 American Type Culture Collection, Manassas, VA, U.S.A.), following the 
method described by Mikkelsen and Gidley [130]. K. Xylinus was cultivated in Hestrin and 
Schramn (HS) medium, pH 5.0, containing 5 g/l peptone, 5 g/l yeast extract, 2.7 g/l Na2HPO4, 1.15 
g/l citric acid and 2 % glucose (w/v) under static condition at 30 °C for 72h. After this time, 
cellulose had grown on the surface of the HS medium. Subsequently, 15 ml of primary inoculum 
was inoculated with 100 ml HS broth medium for scale-up. 3 ml of mixed HS medium was added in 
each well of a 12-well cell culture cluster and was incubated for 72 h at 30 °C. The cellulose 
hydrogels were harvested from the medium with forceps and treated with 0.1 M NaOH at 110   for 
30min. Alkali washing efficiently removed entrapped bacterial cells from the cellulose matrix 
without obvious changes to the structural properties of cellulose [10]. Subsequently, the cellulose 
hydrogels were thoroughly washed in deionized water under agitation on an orbital platform shaker 
at 150 rpm until the pH of water became neutral. The resultant samples consisted of discs with 2.8 ± 
0.05 mm average diameter and 1.5 ± 0.1 mm thickness which were stored in sodium azide solution 
0.02% (w/v) at 4 °C for further use. 
4.2.2 Hydrothermal treatment of cellulose hydrogels by boiling and autoclaving  
Cellulose hydrogels were subjected to hydrothermal treatments to investigate their effect on 
polyphenol binding. These treatments included boiling and autoclaving. For the boiling treatment, 
the cellulose hydrogels were immersed in hot buffer (0.1 M citrate/phosphate buffer, pH 3.8) and 
boiled for 15 min, 30 min and 60 min. For the autoclaving treatment, the hydrogels were placed in 
50 ml flasks containing 3 ml buffer solution and autoclaved at 121 °C, (120 ± 15 KPa) for 15 min 
and 30 min.  
4.2.3 Freeze-drying and grinding of cellulose hydrogels 
Freeze-dried samples were prepared using a freeze-dryer (VirTis Benchtop 4K, SP Industries, Inc., 
Warminster, PA) at -75 °C for 48h. Additionally, samples with different hydration levels were 
prepared by subjecting a set of fresh hydrogels to the freeze-drying process for different times. The 
grinding of the freeze-dried samples was performed using a cryogenic impact mill (6850 SPEX, 
Metuchen, NJ) consisting of a stainless steel vessel immersed in liquid nitrogen, within which a 
stainless steel rod was vibrated by means of a magnetic coil. The mass of the sample was 500 mg. 
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Before grinding, a 5-min cooling time was programmed followed by two cycles of grinding at an 
impactor speed of 10/s for 5-min grinding periods separated by a 2-min cool-down period. After 
milling, the grinding vial was transferred to an air desiccator and allowed to warm to room 
temperature.  
4.2.4 Rehydration of freeze-dried samples 
Rehydration experiments were performed by immersing freeze-dried samples in citrate/phosphate 
buffer (0.1 M pH 3.8). The samples were removed from the buffer solution at different time 
intervals, quickly shaken to remove the excess surface water and the sample weight was then 
recorded (W3). The rehydration process was carried out for 24 h, by which time the samples had 
reached their maximum swelling and were stable. The rehydration extent was calculated by: 
 !"#$%&'()*+!!"#!$# = !"##!!"! "#$%!!"#$%"&'!!"#$%&!!"#$%!&'()*!! !"!!" !!"##!!"! "#$%!!!"!!"#$%!!"##$%#"! !"!!" ×!""%  
where W1 corresponds to the weight of the native cellulose hydrogel and W2 is the weight of the 
same sample after freeze-drying for 48 h. 
4.2.5 Polyphenol adsorption experiments 
Adsorption experiments were conducted according to the methods described by Padayachee et al [8, 
9]. Processed bacterial cellulose samples (i.e., boiled, autoclaved, freeze-dried and rehydrated BC) 
were incubated in 3 ml of 0.5 mM polyphenol solutions (epicatechin and phloridzin purchased from 
Sigma Aldrich (Austrilia), procyanidin B2 obtained from Chengdu Biopurify Phytochemicals Ltd. 
(China)) in 30 ml plastic tubes for different time intervals ranging from 30 seconds to 12 days. 
Tubes were constantly shaken at 100 rpm on an orbital shaker in the dark at room temperature (ca. 
25°C). Control blank samples of native cellulose hydrogels without treatment were also incubated 
under the same conditions. After incubation, the polyphenol contents in solution were measured by 
UV absorbance (OD) at the maximum absorbance wavelengths of 273 nm for epicatechin, 275 nm 
for procyanidin B2 and 276 nm for phloridzin. The maximum absorbance wavelengths were 
obtained by wavelength scans from 200 nm to 700 nm at a speed of 200 nm/min. The free 
polyphenol concentrations in all samples were determined based on external standard curves for 
individual phenolic compounds. The amount of retained phenolic compounds was quantified by 
subtracting the amount of polyphenols in the blank solution from that in the treated sample 
solutions. All adsorption experiments were performed in triplicate. A one-way analysis of variance 
(ANOVA) was applied to compare different adsorption capacities of treated bacterial cellulose 
using Origin 9.0 for Windows. Differences were considered to be significant at P<0.05.   
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4.2.6 X-ray diffraction (XRD) 
XRD measurements were made with a PANalytical X’Pert Pro diffractometer. The instrument is 
equipped with a copper X-ray generator (λ = 1.54 Å), programmable incident beam divergence slit 
and diffracted beam scatter slit, and an X’celerator high speed detector. X-ray diffraction patterns of 
air-dried samples were acquired in continuous mode over the angular range of 5º to 80º (2θ) with a 
step size of 0.03º and a count time of 200 s per step, with the sample spinning. Peak fitting was 
carried out in Igor according to the method described by Martinez-Sanz et al.[132]. The crystallinity 
index XC was determined by the method reported by Wang et al.[242]: 
XC (%) = 100×∑
Total
Crystal
A
A
 
Where !!"#$% is the sum of the areas under all the diffraction peaks and !!"#$%&' is the sum of the 
areas corresponding to the three crystalline peaks. The crystallite sizes were estimated from the 
three different lattice planes of cellulose Iα using the well-known Scherrer equation: 
 ! !"# = !∙!! !"# ∙!!"#$!  
where ! !"#  is the size of the crystallite (nm), ! is the Scherrer constant (0.94), ! is the X-ray 
wavelength, ! !"#  is the full-width at half-maximum of the reflection hkl and 2θ is the 
corresponding Bragg angle. 
4.2.7 Small angle X-ray and neutron scattering (SAXS and SANS) 
From all the processed samples, the following were selected for  characterisation by SAXS and 
SANS: cellulose hydrogel boiled for 60 min (sample code “BC boiled”), cellulose hydrogel 
autoclaved for 30 min (“BC autoclaved”), cellulose hydrogel freeze-dried and rehydrated in H2O or 
D2O for 48h (“BC FD rehydrated H2O” and “BC FD rehydrated D2O”), cellulose hydrogel freeze-
dried and soaked in 0.5mM polyphenol solution for 48h (“BC FD rehydrated polyphenol”) and 
cellulose hydrogel freeze-dried and rehydrated in H2O or D2O for 24h and then soaked in 0.5mM 
polyphenol solution for 24h (“BC FD rehydrated H2O-polyphenol” and “BC FD rehydrated D2O-
polyphenol”). 
SAXS measurements, according to the method described by Martínez-Sanz [132], were performed 
on a Bruker Nanostar with a rotating anode source operated at wavelength, λ of 1.54 Å (Cu Kα) with 
a sample-to-detector distance of 723 mm, giving a q range from 0.01 to 0.39 Å-1. The optics and 
sample chamber were under vacuum to minimize air scattering. The native cellulose hydrogels as 
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well as the processed samples were presented to the X-ray beam in 2 mm sealed quartz capillaries 
(Hilgenburg Gmbh, Germany). The scattering patterns were reduced and radially averaged with 
Bruker software. A scattering background from an empty quartz capillary, or quartz capillary filled 
with water, were subtracted as appropriate, after correction for sample transmission. X-ray data 
were placed on an absolute scale using water as a standard [243]. These operations were performed 
using the IRENA macro suite [244] within Igor. 
SANS measurements were performed on the 40 m QUOKKA instrument at the OPAL reactor [245], 
as described in previously [132].  Three configurations were used to cover a q range of 0.004-0.8 
Å−1 where q is the magnitude of the scattering vector defined as ! = !"! !"#!!and 2θ is the 
scattering angle. These configurations were: (i) source-to-sample distance (SSD) = 20.2 m, sample-
to-detector distance (SDD) = 20.1 m, (ii) SSD = 3.9 m, SSD = 4.0 m and (iii) SSD =10.0 m, SDD 
=1.4 m using a wavelength, λ, of 5.034 Å of 10% resolution and with source and sample aperture 
diameters of 50 mm and 10 mm, respectively. The native hydrogels and the processed samples were 
analysed by placing them in sealed 1 mm path length cells with demountable quartz windows and 
filling the cells with D2O. To maximize the D/H exchange, prior to the SANS measurements, the 
samples were soaked in D2O with an approximate hydrogel/solvent ratio of 1 g/30 ml. The samples 
were initially soaked for 24h and, subsequently, an additional exchange step with fresh solvent was 
carried out for a further 24h. SANS data were reduced using NCNR SANS reduction macros [246] 
modified for the QUOKKA instrument, using the Igor software package with data corrected for 
detector sensitivity, empty cell scattering and transmission and transformed to absolute scale using 
an attenuated direct beam transmission measurement.  
The SANS and SAXS data of the cellulose hydrogels were fitted using the Igor NIST analysis 
macro suite [246] and applying the core-shell model described in previous work [134]. Briefly, this 
model consists of the sum of a power-law term (to account for large-scale structure) plus a core-
shell cylinder structure (with polydisperse core, fixed thickness shell), with the following calculated 
function: 
! ! = !"!!"#$$ ∙ ! !!"#$,!!"#$ ∙!!"#$$ ! !,!!"#$,!!"#$$,!,!"#!"#$,!"#!"#$$,!"#!"#$ + ! ∙ !!!+ !"# 
where the first term corresponds to the form factor of a core-shell cylinder with polydisperse core 
radius, normalised by multiplying by the number density of particles (!"/!!"#$$) , the second term 
accounts for the power-law behaviour and the third term corresponds to the incoherent background 
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remaining after the solvent background subtraction. A detailed description of the form factor 
function and the parameters defining the model can be found elsewhere [134]. 
4.2.8 Scanning Electron Microscopy (SEM) 
SEM characterisation was performed to investigate the microstructure of treated cellulose hydrogels, 
according to the method described by Lopez-Sanchez et al. [120] with modifications. Samples were 
freeze-substituted following a series of steps. The samples were first cut into small pieces (4×4 mm) 
and directly immersed in liquid nitrogen for about 10 s to ensure rapid freezing. The samples were 
then transferred to a solution of 3 % glutaraldehyde in methanol for 24 h at -20 °C  followed by 
another 24 h at -20 °C  in 100 % methanol. The samples were then introduced into anhydrous 
ethanol to warm. Samples were baked in a vacuum oven at 40 °C overnight. The samples were 
finally dried in a critical point dryer (Autosamdri-815, Tousimis, Rockville, Maryland 20852, 
U.S.A.). Plasma cleaning was conducted for 30 s (E.A. Fishione Plasma Cleaner, PA, USA) before 
coating with approximately 10 nm of Iridium (Bal-tec coater, Leica microsystems, Watzlar, 
Germany). Samples were examined using a JSM 7100F scanning electron microscope (JEOL, 
Tokio, Japan) at 5 kV and 10 mm working distance. Images were taken from at least three different 
locations of each sample and six images were taken from each position, with magnification 
increasing from ×1,000, ×5,000, ×10,000, ×25,000, ×50,000, to ×100,000. All images were taken 
from the top side of the sample, which is the one in contact with air during production. 
4.3 Results 
4.3.1 Adsorption kinetics 
4.3.1.1 Effect of exposure time 
The adsorption of epicatechin, phloridzin and procyanidin B2 on bacterial cellulose hydrogels was 
investigated by determining the amount of bound polyphenol after exposure times ranging from 
1min up to 6 days, for an initial polyphenol concentration of 0.5 mM. As observed in Fig 4.1A, the 
binding was rapidly initiated, as indicated by the significant amount of bound polyphenols observed 
after 1min of contact; this is consistent with previous studies [8-10]. During the first 60 min, the 
adsorption of the three polyphenols increased markedly with exposure time and then reached a 
plateau after 120 min of incubation, with the amount of adsorbed polyphenol remaining 
approximately constant for up to 4 days. After that time, there was an apparent increase in the 
amount of bound procyanidin B2, whilst the amount of bound phloridzin and epicatechin remained 
relatively stable, even after 6 days. The polyphenol binding level estimated at the plateau of the 
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adsorption curves, i.e. when equilibrium was reached (13.0 %, 15.6% and 19.7% for epicatechin, 
phloridzin and procyandin B2, respectively), was higher for polyphenol molecules with higher 
molecular weight. It also appeared that additional procyanidin B2 was bound after longer contact 
time, probably due to polyphenol aggregation causing additional depletion from solution. A similar 
phenomenon was found by Le Bourvellec and Renard [15], who reported that procyanidins are 
prone to auto-association. 
4.3.1.2 Effect of polyphenol molecular structure and concentration 
The effect of increasing the polyphenol concentration in the solutions was studied by determining 
the amount of bound polyphenols after soaking the cellulose hydrogels for 2h. Such a contact time 
corresponds to the equilibrium plateau observed in Fig 4.1. As shown in Fig 4.2, the amount of 
absorbed polyphenols increased when increasing their concentration in the solution. The experiment 
was run at pH 3.8 to avoid the effects of hydrolysis or oxidation according to the description by Le 
Bourvellec et al.[13]. The solubility of each polyphenol was limited and varied between polyphenol 
molecules. The maximum concentration of phloridzin in the buffer solution was only 5 mM, while 
significantly larger concentrations were possible for procyanidin B2 (18 mM) and epicatechin (16 
mM).  
For the same concentration (5 mM), procyanidin B2 generated the largest amount of bound 
polyphenol, followed by phloridzin and epicatechin. Comparing the bound amount on a molar basis 
(Fig 4.1B), the quantity of bound polyphenol molecules was similar for procyanidin B2 (MWt 
578.5) and phloridzin (MWt 436.4) even at very low concentration, but epicatechin (MWt 290.3) 
bound to a lesser extent. These results are consistent with previous studies which showed that larger 
polyphenol molecules bound more strongly to cell wall materials [6, 15, 57].  The amount of bound 
polyphenols increased steadily at lower concentrations but showed smaller increases at higher 
concentrations. It is assumed that the adsorption of polyphenols increases with concentration but 
will reach a plateau at a certain concentration representing equilibrium binding; however, no such 
plateau was observed in these experiments. This is probably due to the limited polyphenol solubility 
at pH 3.8, i.e. any plateau region would occur at concentrations higher than the maximum solubility 
of the polyphenol. 
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Fig 4. 1 Adsorption of different polyphenols (0.5 mM polyphenol solution in 0.1 M 
citrate/phosphate buffer, pH 3.8) onto untreated bacterial cellulose with increasing exposure time (A) 
and increasing concentration observed at 2 h exposure time (B) at 25  under constant shaking. 
4.3.2 Effect of hydrothermal treatments  
The adsorption patterns of individual polyphenols on both boiled and autoclaved cellulose 
exihibited a similar behaviour to the control untreated samples i.e. a significant increase within the 
first 120 min, followed by a relatively stable plateau (data not shown). Fig 4.2A and B show the 
adsorption of individal polyphenols after a contact time of 2h on boiled and autoclaved cellulose 
samples, respectively. It is apparent that for epicatechin, phloridzin and procyanidin B2, there are 
small decreases in adsorbtion for different boiling times (Fig 4.2A) but, considering the relatively 
large standard deviation values, none of these were statistically significant. Similarly, autoclaving 
resulted in slight but non-significant decreases in polyphenol adsorption (Fig 4.2B).  
A 
! ! 
! 
! ! ! 
B 
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Fig 4. 2 Adsorption of polyphenols on cellulose modified by different boiling processing (A) and 
autoclaving processing (B) after 2h contact time. 
 
4.3.3 Effect of drying and mechanical treatments 
To evaluate the effect of drying, bacterial cellulose hydrogels were freeze-dried and subsequently 
incubated in polyphenol solutions. The adsorption curve of phloridzin on a freeze-dried cellulose 
sample is presented in Fig 4.3A and compared to adsorption on the control cellulose hydrogel. A 
similar behaviour was observed for the adsorption of epicathecin and procyanidin B2 (results not 
shown).  From these data, it is evident that the freeze-drying process greatly decreased the 
adsorption of polyphenols. After 24 h incubation, the amount of bound procyanidin B2 for the 
freeze-dried sample was less than 13% of the bound polyphenol in the hydrated cellulose hydrogel. 
This effect may in part be due to the reduced cellulose surface area generated as a result of the 
cellulose network collapse when water is removed from the system during the freeze-drying process. 
In fact, Renard et al. [180] found that freeze-drying caused a marked decrease of cell wall surface 
area and reduced porosity, thus limiting the access of polyphenol molecules to the inside of the 
cellulose networks and reducing their adsorption.   
To investigate the potential role of large scale (>10 µm) cellulose accessibility, the freeze-dried 
cellulose samples were cryo-ground into a powder (particle size ca 10 µm), thus increasing the 
surface area. As shown in Fig 4.3B, grinding of the freeze-dried cellulose samples resulted only in a 
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small increase in polyphenol binding. These results indicate that the surface area is not the dominant 
factor controlling cellulose/polyphenol interactions in (rehydrated) freeze-dried cellulose.   
To investigate the effect of residual water content in the cellulose samples, the native hydrogels 
were subjected to the freeze-drying process for different times to gradually remove water from the 
system. The water content decreased to 60% after 1 h of freeze-drying treatment and the samples 
were completely dried within 12 h. As clearly evidenced in Fig 4.4A, there is a positive correlation 
between the water content in the cellulose samples and the adsorption of polyphenols. Reducing the 
moisture content in the samples resulted in a significant decrease in the adsorption of epicatechin. 
!
Fig 4. 3 Adsorption of phloridzin to cellulose modified by freeze drying and rehydrating processing 
over 24h (A) and the adsorption of different polyphenols on freeze-dried cellulose, freeze-dried and 
ground cellulose, and native cellulose hydrogel (B). 
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Fig 4. 4 The adsorption of epicatechin on cellulose treated by different freeze drying time after 2 h 
contact time. 
 
4.3.4 Rehydration prior to polyphenol contact 
To further investigate the role of water, freeze-dried pellicles were rehydrated in buffer solution for 
different times, reaching different rehydration extent (20, 30, 40, 50 and 60 %). Samples with 
different moisture contents were then incubated in epicatechin solutions and the obtained adsorption 
curves are displayed in Fig 4.5. As observed, increasing the moisture content in the cellulose 
samples favours the adsorption of epicatechin molecules. A three-fold increase in the adsorption of 
epicatechin occurred when increasing the water content from 20 % to 60%. Furthermore, as shown 
in Fig 4.3A, after rehydrating the freeze-dried cellulose for 24h (reaching a rehydration extent of 
40%), the binding of phloridzin was restored to ca. 50% of the amount detected for the native 
cellulose hydrogel.  Based on these results, it may be hypothesised that the increase of free hydroxyl 
groups in the cellulose structure as a consequence of the partial rehydration of the freeze-dried 
samples promotes the adsorption of polyphenols. It should be noted that when the freeze-dried 
samples are directly soaked in the polyphenol solutions, rehydration is also expected to take place. 
However, it seems that the presence of polyphenol molecules limits the ability of water to increase 
available binding sites (by reversing drying-induced ribbon aggregation and/or ribbon dehydration), 
hence reducing the effect observed for the samples rehydrated in water prior to soaking in the 
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polyphenol solutions.  A similar rehydration extent (21.1% for rehydrated in water, 21.7% 
rehydrated in polyphenol; average of five pellicles for each) and thickness (0.60mm and 0.52mm 
(P>0.05) average for five pellicles each of BC rehydrated in water and polyphenol, respectively) 
were observed.  
 
Fig 4. 5 Kinetics of the adsorption of epicatechin on dried cellulose after different rehydration 
extents over 24 h. 
 
4.3.5 Morphology of native and processed cellulose hydrogels 
SEM characterisation of the native and processed hydrogels was carried out to investigate any 
possible structural changes induced by the applied treatments. Fig 4.6 shows representative images 
of the different samples. The native cellulose hydrogel presented a structure of randomly oriented 
cellulose ribbons with an average diameter of 43 ± 17 nm.  
Although the average ribbon diameter of the boiled and autoclaved samples was not significantly 
affected (average diameter of 45 ± 12 nm and 46 ± 13 nm for the boiled and autoclaved samples, 
respectively), these treatments, especially autoclaving, seemed to induce the creation of more 
densely packed networks with reduced pores sizes (Fig 4.6 B and C).  High pressure combined with 
increasing temperature could influence the physical properties of cellulose networks such as water 
content and number of ribbon entanglements. It has been reported that slow mechanical 
compression of cellulose leads to ribbon-ribbon aggregation and densification of the cellulose 
network structure [120]. This was explained by the ability of the cellulose ribbons to re-orient and 
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interact with each other while water was removed from the system during the slow compression. 
Such aggregation was not observed in the hydrothermally treated samples, suggesting that any 
water was expelled from the hydrogels at a higher rate, hence preventing the ribbon aggregation 
process. Preserving the amount of free hydroxyl groups due to limited ribbon aggregation seems to 
be key for these samples to present polyphenol adsorption values similar to those of the native 
hydrogel.  
As clearly seen in Figure 4.6D, the freeze-drying treatment led to an obvious increase in the 
densification of the cellulose network structure, in agreement with previous studies  [247, 248]. The 
cellulose ribbons aggregated and formed a densely packed and collapsed structure. This is in 
agreement with the strong inhibition of polyphenol binding observed for the freeze-dried samples 
which, as a result of the aggregation process, should present a significantly reduced amount of free 
hydroxyl groups available to establish cellulose-polyphenol interactions. After soaking the freeze-
dried sample in water, the same collapsed structure was observed, suggesting that freeze-drying 
caused irreversible microstructural changes in the cellulose network. This could explain why the 
rehydrated samples are only able to bind about half the amount of polyphenols observed for the 
native cellulose hydrogel; it does not however explain why polyphenol binding is greater following 
prior rehydration of cellulose (Fig 4.3A). The most likely explanation for this is that there are 
differences within the ribbon structure when rehydration occurs in the presence or absence of 
polyphenols. 
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Fig 4. 6 Scanning electron micrographs of fresh BC (A), boiled BC (B), autoclaved BC (C), freeze 
dried BC (D) and rehydrated BC (E) at the same scale (1µm), showing the aggregation of the 
cellulose ribbons after freeze drying and rehydration. 
 
4.3.6 Multi-scale ribbon architecture of native and processed cellulose hydrogels  
The adsorption experiments, together with the SEM characterisation, suggest that the water held 
within the cellulose ribbon multi-scale structure plays an important role in the binding of 
polyphenols. To further investigate this, an extensive structural characterisation of different 
processed samples was conducted by combining XRD with SAXS and SANS. This approach is 
expeced to provide information on the different structural levels involved in the assembly of 
cellulose ribbons, accounting for the role of moisture [117, 133]. 
Starting at the most basic structural level, XRD characterisation was performed to ascertain any 
potential modification of the cellulose crystalline structure induced by the applied processing 
treatments. The XRD patterns for the different samples are shown in Fig 4.7 and the estimated 
crystallinity and crystallite cross-sections are summarised in Table 4.1. As observed in Fig 4.7, the 
position of the diffraction peaks was not modified for any of the samples, indicating that the 
cellulose Iα/Iβ allomorph ratio was not significantly altered by the appiled treatments. This is in 
agreement with a previous study reporting that temperatures around 220 °C (much higher than those 
used in this study) are required to modify the hydrogen bond structure of crystalline cellulose [249]. 
A B C
E F
A 
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On the other hand, the freeze-drying and hydrothermal treatments seemed to induce a slight 
increase in the crystallinity and the crystallite size of the processed samples (cf. Table 4.1). 
Moreover, the crystallite size was further increased after rehydration of the freeze-dried sample. It 
should be noted that the XRD results account for both the crystalline and paracrystalline (i.e. 
regions with loose molecular packing or some degree of crystal distortion) cellulose domains. Thus, 
the observed crystallinity and crystallite size increase might be indicative of larger cellulose 
paracrystalline domains in the processed samples, with this effect being more evident for the freeze-
drying treatment. 
At the next structural level, a combination of SAXS and SANS experiments is expected to provide 
information on the nano-scale structure of cellulose ribbons. It has been demonstrated that due to 
the distinct scattering length density (SLD) contrast generated between the different phases in the 
system when using X-rays and neutrons, each technique is able to highlight different cellulose 
structural features [133, 134]. X-rays are sensitive to differences in electron density and, therefore, a 
SLD contrast is generated between the crystalline and paracrystalline cellulose regions within the 
individual microfibrils. On the other hand, neutrons are sensitive to differences in nuclear density; 
as a result, due to the difference in solvent accessibility when subjecting the samples to H2O/D2O 
exchange, the presence of regions with different SLD contrast within the individual ribbons can be 
highlighted. Both the SAXS and SANS experimental data can be properly fitted by using 
mathematical functions based on a core-shell model [133, 134]. This model considers that the 
cellulose microfibrils contain an impermeable crystalline core surrounded by a partially hydrated 
paracrystalline shell. At the same time, these microfibrils are interacting with each other and with 
strongly bound water to create the next structural level, i.e. cellulose ribbons. The ribbons may also 
be considered as core-shell structures, where the core, corresponding to the region with limited 
solvent accessibility, is composed of cellulose crystallites and hydrated paracrystalline cellulose and 
the shell, which is easily accessed by the solvent, contains only hydrated paracrystalline cellulose. 
The SAXS results from the native and processed cellulose samples, soaked in H2O, and the 
corresponding fits obtained by applying the described core-shell model are shown in Figure 4.8; the 
associated fitting parameters are summarised in Table 4.2. The values obtained indicate that the 
boiling and autoclaving treatments led to a slight increase in the overall microfibril cross-section 
(4.2 nm for the native cellulose hydrogel, 4.8 nm for the boiled sample and 5.0 nm for the 
autoclaved sample), although the relative thickness of the microfibril core (i.e. the impermeable 
crystalline region) was reduced (ca. 57%, 48% and 32% for the native, boiled and autoclaved 
hydrogels, respectively). These results, together with the XRD, seem to indicate that the 
hydrothermal treatments, especially autoclaving, induced a certain degree of disorder in the outer 
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microfibril region. It is worth noting that the overall microfibril cross-section estimated by SAXS is 
very similar to the dimensions calculated from the XRD diffraction peaks, supporting the 
hypothesis that the XRD cross-section values account for both the crystalline and paracrystalline 
cellulose domains. The freeze-drying process led to a decrease in the overall microfibril cross-
section and the relative core thickness in the corresponding rehydrated samples. However, in this 
particular case, the crystalline/paracrystalline cross-sections estimated from the XRD are 
significantly larger than the individual microfibril diameter. This may be indicative of cellulose 
crystal distortion as a result of the freeze-drying process, leading to the creation of larger 
paracrystalline domains coating the smaller crystalline core. Previous studies have reported that the 
presence of water coating cellulose crystallites gives rise to a plasticization of the paracrystalline 
domains, hence inducing a greater degree of structural organisation [250, 251]. Thus, it is 
reasonable to hypothesise that when moisture is removed from the system the opposite effect takes 
place, i.e. a greater degree of disorder arises in the outer region of the cellulose microfibril. The 
larger paracrystalline dimensions provided by XRD, compared to the microfibril diameter estimated 
from the SAXS fitting, may indicate the existence of an outer region with a large degree of disorder 
and density values (for both the cellulose and the bound solvent) different to the ones considered for 
the fitting procedure (and as suggested by the densification effect indicated in the SANS results 
discussed below). Interestingly, as observed in Figure 4.8, the freeze-dried sample rehydrated in 
water and subsequently soaked in the polyphenol solution showed a weak peak located at ca. 0.17 
Å-1 (indicative of a real distance of ca. 3.7 nm), which was absent in the scattering curve from the 
sample rehydrated in water and from the sample directly soaked in the polyphenol solution. This 
peak may arise from the existence of polyphenol domains bound to the accessible regions of the 
surface hydrated paracrystalline cellulose. The fact that this peak is not visible in the sample 
directly soaked in the polyphenol solution may be explained by the very low adsorption observed in 
that case (cf. Fig 4.3A). 
Similar to the SAXS results, the SANS data from the D2O-soaked samples were fitted using the 
core-shell model, adapted to account for the ribbon structure. The SANS curves from the different 
samples are shown in Fig 4.9 and the obtained fitting parameters are gathered in Table 4.3. The 
fitting results indicate that the native cellulose contains ribbons with an overall cross-section of ca. 
32 nm, which is within the range of values estimated from the SEM characterisation. The boiled and 
autoclaved samples present smaller apparent ribbon cross-sections of ca. 23 nm and 21 nm, 
respectively. This, together with the larger cellulose volume fraction as well as the reduced 
cellulose exchange within the core and the shell (i.e. limited D2O access to the ribbon’s interior), 
especially in the autoclaved sample, suggests the existence of a denser ribbon structure in which the 
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cellulose microfibrils are more closely packed together. However, this densification effect does not 
seem to be strong enough to affect the accessibility and amount of hydroxyl groups available for 
polyphenol binding, as indicated by the weak effect of these treatments on polyphenol adsorption. 
The freeze-drying process led to a similar decrease in the overall ribbons’ apparent cross-section 
(with average diameters of ca. 21-25 nm for the three freeze-dried rehydrated samples). In this case, 
the fitting parameters suggest that a higher degree of H/D exchange took place for the solvent and 
the cellulose contained within the core. Such behaviour would be characteristic of a more loosely 
packed ribbon structure, where solvent accessibility would be promoted by the existence of a 
weaker hydrogen bonding network. However, the opposite effect is expected for the freeze-drying 
process, i.e. the complete removal of water from the system is likely to result in strong interfibrillar 
aggregation through the establishment of strong hydrogen bonding between cellulose microfibrils 
and/or ribbons. The creation of this strong hydrogen bonding network is confirmed by the fact that 
freeze-dried cellulose is able to recover only 20%-60% of the moisture content in the native 
hydrogel when soaked in water. Thus, it does not seem reasonable to assume that the freeze-drying 
process promotes greater H/D exchange in the rehydrated samples. The mathematical function used 
to fit the SANS data calculates the SLD of the ribbons’ core and shell by considering that these 
phases are composed of cellulose and tightly bound solvent, with both of them partially or 
completely H/D exchanged when the samples are soaked in D2O. Using the equations described in 
[134], the SLD values for the ribbons’ core and shell were calculated and the obtained values are 
included in Table 4.3. As observed, the SLD within the core increased for all the freeze-dried 
rehydrated samples as compared to the native cellulose hydrogel, whereas the SLD within the shell 
was not strongly affected. This would support the hypothesis of a denser cellulose-moisture 
network within the ribbons’ core. The cellulose hydroxyl groups are expected to present a very 
limited accessibility in such a densely packed structure. This would explain the dramatic decrease 
observed for the polyphenol adsorption in the freeze-dried samples.  
Table 4. 1 Crystallinity index (XC) and cross-sectional dimensions of crystallites sizes in the 
direction perpendicular to the (100), (010) and (110) planes (D(100), D(010) and D(110)), determined 
from the XRD patterns. Standard deviations for the last digit are shown in parentheses.  
 BC BC 
boiled 
BC 
autoclaved 
BC FD BC FD 
rehydrated H2O 
BC FD rehydrated 
polyphenol 
BC FD rehydrated-
H2O-polyphenol 
XC (%) 97.9 (2) 98.8 (3) 99.6 (2) 99.3 (3) 99.8 (4) 99.8 (8) 99.8 (9) 
D100 (nm) 4.79 (3) 5.20 (3) 5.47 (3) 5.65 (4) 5.98 (3) 6.10 (3) 5.94 (3) 
D010 (nm) 7.4 (2) 8.2 (2) 7.5 (2) 8.2 (2) 10.6 (3) 10.8 (3) 10.5 (2) 
D110 (nm) 6.17 (5) 6.38 (6) 6.46 (6) 6.92 (8) 7.43 (7) 7.60 (7) 7.41 (7) 
!
Table 4. 2 Parameters obtained from SAXS fits of the power-law plus core-shell cylinder with 
polydisperse radius model for the native and the processed cellulose hydrogels (soaked in H2O). 
Standard deviations on the last digit are shown in parentheses. 
 BC a BC 
boiled 
b BC 
autoclaved 
c BC FD 
rehydrated D2O 
d BC FD 
rehydrated 
polyphenol 
e BC FD 
rehydrated-D2O-
polyphenol 
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Scale factor 0.07(3) 0.059(6) 0.022(9) 0.09(3) 0.03(1) 0.05(2) 
Core radius (nm) 1.2(3) 1.17(3) 0.82(4) 0.59(3) 0.81(7) 0.72(4) 
Polydispersity 0.63(1) 0.61(1) 0.75(2) 0.80(1) 0.61(4) 0.66(3) 
Core length (nm)* 500.0 500.0 500.0 500.0 500.0 500.0 
Radial shell thickness (nm) 0.9(1) 1.25(4) 1.7(1) 1.31(7) 1.3(1) 1.27(7) 
Cellulose volume fraction (core)* 1.0 1.0 1.0 1.0 1.0 1.0 
Cellulose volume fraction (shell) 0.6(3) 0.7(1) 0.6(3) 0.6(2) 0.7(3) 0.7(3) 
SLD core cellulose (1010 cm-2)* 14.46 14.46 14.46 14.46 14.46 14.46 
SLD solvent (1010 cm-2)* 11.84 11.84 11.84 11.84 11.84 11.84 
SLD shell cellulose (1010 cm-2)* 13.65 13.65 13.65 13.65 13.65 13.65 
Power-law coefficient (10-5) 4.5(6) 3.7(2) 2.4(1) 7.7(2) 1.2(3) 5.5(4) 
Power-law exponent 3.28(3) 3.28(1) 3.15(1) 3.321(4) 3.33(2) 3.38(2) 
Parameters displayed with * were fixed during the fitting process 
a!BC Boiled: BC subjected to boiling for 60min. 
b BC autocalved: BC subjected to autoclaving for 30min. 
c BC FD rehydrated D2O: BC subjected to freeze drying (FD), followed by rehydration in D2O. 
d BC FD rehydrated polyphenol: incubated in 0.5 mM polyphenol solution BC. 
e BC FD rehydrated-D2O-polyphenol: BC subjected to freeze drying (FD), followed by incubation in 0.5 mM polyphenol solutions. 
 
 
Table 4. 3 Parameters obtained from SANS fits of the power-law plus core-shell cylinder with 
polydisperse radius model for the native and the processed cellulose hydrogels (soaked in D2O). 
Standard deviations for the last digit are shown in parentheses. 
 BC a BC 
boiled 
b BC 
autoclaved 
c BC FD 
rehydrated 
D2O 
d BC FD 
rehydrated 
polyphenol 
e BC FD 
rehydrated-D2O-
polyphenol 
Scale factor 0.0192(4) 0.0192(1) 0.0187(1) 0.0128(3) 0.0390(1) 0.0410(1) 
Core radius (nm) 11.5(2) 7.8(5) 6.6(5) 8.7(1) 7.8(2) 8.2(2) 
Cylinder length (nm)* 500.0 500.0 500.0 500.0 500.0 500.0 
Polydispersity 0.406(6) 0.53(1) 0.55(2) 0.481(5) 0.465(6) 0.446(6) 
Radial shell thickness (nm) 4.47(2) 3.7(3) 3.87(3) 3.93(3) 2.52(3) 2.64(8) 
Cellulose volume fraction (core) 0.262(3) 0.369(1) 0.386(1) 0.207(2) 0.247(1) 0.243(1) 
Cellulose volume fraction (shell) 0.092(2) 0.066(8) 0.081(1) 0.069(2) 0.132(2) 0.135(3) 
Cellulose exchange (core) 0.56(3) 0.264(6) 0.249(6) 0.73(2) 0.83(1) 0.98(1) 
Cellulose exchange (shell) 0.69(7) 0.61(4) 0.3(3) 1.0(1) 0.83(4) 1.0(5) 
Solvent exchange (core) 0.861(3) 0.793(1) 0.793(1) 0.917(1) 0.923(1) 0.928(1) 
Solvent exchange (shell)* 1.00 1.00 1.00 1.00 1.00 1.00 
SLD cellulose (1010 cm-2)* 1.87 1.87 1.87 1.87 1.87 1.87 
SLD fully exchanged cellulose 
(1010 cm-2)* 
3.66 3.66 3.66 3.66 3.66 3.66 
SLD bulk solvent (1010 cm-2)* 6.38 6.38 6.38 6.38 6.38 6.38 
SLD bound solvent (1010 cm-2)* 7.97 7.97 7.97 7.97 7.97 7.97 
SLD bound H2O (1010 cm-2)* -0.70 -0.70 -0.70 -0.70 -0.70 -0.70 
Power-law coefficient (10-4) 1.432(5) 0.228(5) 0.300(6) 0.192(5) 0.093(2) 0.175(4) 
Power-law exponent 2.686(1) 2.821(4) 2.746(4) 2.864(4) 3.063(5) 3.032(4) 
Parameters displayed with * were fixed during the fitting process 
a!BC Boiled: BC subjected to boiling for 60min. 
b BC autocalved: BC subjected to autoclaving for 30min. 
c BC FD rehydrated D2O: BC subjected to freeze drying (FD), followed by rehydration in D2O. 
d BC FD rehydrated polyphenol: incubated in 0.5 mM polyphenol solution BC. 
e BC FD rehydrated-D2O-polyphenol: BC subjected to freeze drying (FD), followed by incubation in 0.5 mM polyphenol solutions. 
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!
Fig 4. 7 XRD patterns of native and processed cellulose hydrogels. 
 
 
!
Fig 4. 8 (A) SAXS patterns of native and processed cellulose hydrogels (soaked in H2O) and (B) 
Kratky plot showing the peak detected in the freeze-dried sample rehydrated in water and 
subsequently soaked in the polyphenol solution. Solid lines correspond to the fitting of the 
experimental data using the core-shell model. 
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!
Fig 4. 9 SANS patterns of native and processed cellulose hydrogels (soaked in D2O). Solid lines 
correspond to the fitting of the experimental data using the core-shell model. 
 
!
Fig 4. 10 Schematic representation of the multi-scale ribbon structure of cellulose native and 
processed hydrogels based on the parameters obtained from the XRD, SAXS and SANS 
characterisation. The overall dimensions from the cellulose paracrystalline/crystalline domains 
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formed upon drying the samples (represented as dashed hexagonal shapes) are extracted from the 
XRD parameters summarised in Table 4.1, the individual microfibril core and shell dimensions in 
the hydrated state (represented as dark/light blue circular shapes) are calculated from the SAXS 
fitting parameters gathered in Table 4.2 and the ribbon core and shell dimensions in the hydrated 
state (represented as green circular shapes, with the core and the shell delimited by dashed lines) are 
calculated from the SANS fitting parameters gathered in Table 4.3. 
4.4 Discussion 
4.4.1 General features of interactions between polyphenol and cellulose 
The interaction between polyphenol and cellulose can occur rapidly; hence it is reasonable to 
assume that similar interactions will occur after the consumption of processed plant-based foods 
that are rich in polyphenols and dietary fibres such as cellulose. Studies on grape and apple 
indicated that their respective cell walls have an affinity for polyphenols thus affecting wine and 
juice/cider making [11, 12, 15].  Padayachee et al. suggested that polyphenols in carrot purees were 
strongly bound with cell walls, even after simulated digestion under small intestine conditions, and 
are therefore predicted to be mostly transported to the colon, with consequent implications for 
bioavailablity [7].  
It is interesting to note that the smaller molecule epicatechin binds to cellulose to a lesser extent 
(weight or molar basis) than larger molecules i.e. phloridzin, procyanidin B2 (cf. Figure 4.1). The 
pore size of cellulose hydrogels is large enough for the diffusion of 10000 kDa FITC-dextran [252] 
so it should be easy for all of the polyphenol molecules studied (molecular weights < 1000) to move 
freely in this network structure. The lesser binding of epicatechin provides evidence that access by 
polyphenols to more dimensionally restricted sites such as within the shell region of cellulose 
ribbons is not an important determinant of binding extent. Direct binding interactions are 
established rapidly (within 10 min), followed by a relatively slow increase in binding (up to 24h). It 
may be hypothesised that the initial binding is due to the adsorption of polyphenol molecules onto 
binding sites on the cellulose ribbons’ surface. Subsequently, polyphenol molecules may diffuse 
into the ribbons’ shell and adsorb onto the accessible surfaces of the microfibrils, i.e. the hydrated 
paracrystalline domains. Since non-covalent binding of polyphenols with cellulose is primarily 
driven by hydrogen bonding and hydrophobic interactions, it has been reported that the presence of 
labile hydroxyl groups favors the adsorption process [193, 253]. In addition, the number and/or 
conformational flexibility of phenolic rings is another important factor for non-covalent cellulose-
polyphenol interactions [254]. This was well illustrated here by comparing the procyanidin with its 
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constitutive monomer epicatechin, confirming that binding increased with increasing the number 
and conformational inflexibility of phenolic rings. Besides, larger polyphenols is likely to be auto-
associated and cooperativity will result in a stronger net retention [57]. Different polyphenols have 
distinct binding affinities, hence suggesting that cellulose has the ability to selectively adsorb 
polyphenols to some extent. 
Bacterial shares a close mechanism of cellulose production with plant cells that bacterially 
produced cellulose has identical chemical properties and is believed to be a variable and simple 
plant cell wall model incorporated with different polysaccharides e.g. xyloglucan, pectin. The 
application of the plant cell wall model allows the investigation of the binding selectivity of 
polyphenols to individual cell wall polysaccharide. A comparable binding of polyphenols on plant 
cell wall analogues and apple cell walls was obtained [255]. However, bacterially produced 
cellulose differs with plant-derived cellulose in microstructure, for example, bacterial cellulose has 
thinner ribbons. Besides, the concentration and distribution of cell wall polysaccharides in plant cell 
wall model are different from plant cell walls [255]. Therefore, the comparison of binding behavior 
between cellulose-based model and extracted cell wall from various plants needs to be done for the 
validation of the cell wall model. 
4.4.2 Effect of hydrothermal and freeze-drying treatments on polyphenol binding capacity as related 
to the cellulose network architecture and ribbon structure  
Processing of cellulose hydrogels by means of hydrothermal and freeze-drying treatments has been 
shown to affect differently the polyphenol adsorption process. While boiling and autoclaving 
showed a minor effect, the freeze-drying process led to a drastic decrease in the amount of 
polyphenols bound to the cellulose structure. This distinct effect has been linked to the structural 
changes undergone by the cellulose hydrogels as a result of the different applied processing 
methods. 
Bacterial cellulose hydrogels are mainly composed of water (ca. 99% w/w) and previous studies 
have already evidenced the crucial role of moisture in preserving the native structure of cellulose 
hydrogels [133]. Amongst the large amount of water contained within the hydrogel structure, the 
following can be distinguished: (i) bulk water (i.e. mobile water filling the voids within the network 
of interwoven ribbons), (ii) exchangable bound water (i.e. water with limited mobility, located 
within the cellulose ribbons and associated with the paracrystalline fraction in the individual 
cellulose microfibrils [134]) and (iii) non-exchangable bound water (i.e. water covering the 
crystallites’ surface within the cellulose microfibrils [251]). Water associated with cellulose at 
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different levels exhibits different properties to bulk free water and has a key role in controlling its 
structural and mechanical properties [256].  
A multi-technique approach based on the combination of SEM, XRD, SAXS and SANS has been 
carried out to resolve the multi-scale structure of native and processed cellulose hydrogels. From 
SEM studies, freeze-drying resulted in apparent bundling (loose aggregates) of cellulose ribbons 
which was not reversed on re-hydration (cf. Fig 4.6). It was proposed that this bundling reduces the 
amount of cellulose to which the polyphenols can bind and contributes to the ca 50% decrease in 
binding observed between never-dried cellulose and freeze-dried cellulose (cf. Fig 4.3A). However, 
this phenomenon cannot explain why polyphenol binding is so much lower when freeze-dried 
cellulose is directly soaked into the polyphenol solution compared with rehydration in water prior to 
adding polyphenols (Fig 4.3A). This more likely reflects a cellulose ribbon or smaller length scale 
effect. 
While XRD and SAXS provided information relevant to the microfibril structure, the ribbon 
structure and distinct solvent accessibility has been elucidated by SANS. Based on the parameters 
extracted from the XRD peak fitting and from the application of a core-shell formalism to fit the 
SAXS and SANS data, Fig 4.10 shows a simplified representation of the cellulose ribbon 
architecture at different structural levels for the native and processed hydrogels.  
The hydrothermal treatments, especially autoclaving, induced a slight increase in the disorder of the 
cellulose microfibril surface, increasing the thickness of the cellulose paracrystalline domains. 
Furthermore, the cellulose microfibrils seem to be more closely packed, reducing the overall ribbon 
cross-section by the partial removal of the water initially interacting with  the accessible cellulose in 
the shell. However, this densification effect does not seem to be strong enough to reduce 
significantly the availability of the cellulose surface hydroxyl groups and, as a consequence, the 
effect on the polyphenol binding capacity was minor (cf. Fig 4.2). Thus, hydrothermal processing 
may not provide enough energy for microfibril rearrangement but could result in slight de-watering 
of ribbons. 
On the other hand, as represented in Fig 4.10, the freeze-drying process has a significant impact on 
the structure of cellulose hydrogels. It has been already shown that the presence of moisture plays a 
crucial role in the multi-scale structure of cellulose hydrogels [133] and, therefore, it is not 
surprising that the removal of water from the native system has a strong structural impact (Fig. 4.3)`. 
During the freeze-drying treatment, most of the water is removed from the system (with only a very 
small fraction of the tightly bound non-exchangeable water potentially remaining bound to the 
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surface of the cellulose crystallites), leading to the establishment of strong microfibril interactions 
by hydrogen bonding. The removal of water from the system and the creation of this strong 
hydrogen bonding network induce a significant increase in the surface disorder of the cellulose 
microfibrils, i.e. the relative thickness of the paracrystalline fraction increases. When the samples 
are soaked in water, the solvent slowly accesses the space between the individual microfibrils 
through the space between the crystallites and the tightly bound non-exchangeable water. The 
ribbon structures formed after rehydration of the freeze-dried samples are thought to consist of a 
much denser network of cellulose microfibrils and a limited amount of tightly bound solvent with 
increased density as compared to the native cellulose hydrogel. Thus the re-absorbed water 
probably expands the surface area and creates a more open and swollen network which may account 
for the increased binding of polyphenols after re-hydration of freeze-dried cellulose (Fig 4.3A). 
Besides, it may be hypothesised that strong hydrogen bonds are established between the cellulose 
microfibrils and/or ribbons when water is removed from the system, hence reducing the amount of 
free hydroxyl groups available for polyphenol binding. 
4.4.3 Polyphenol-cellulose binding mechanism   
Similar rehydration extents of ca. 21.1% and ca. 21.7% were achieved when soaking the freeze-
dried samples in water and polyphenol aqueous solutions, respectively. Nevertheless, when the 
freeze-dried samples were rehydrated in water prior to soaking them in the polyphenol solution, the 
binding capacity increased markedly (cf. Fig 4.3A). This interesting phenomenon raises the 
question of the mechanism by which polyphenols are adsorbed onto cellulose. As shown in Fig 4.10, 
the freeze-dried sample directly soaked in the polyphenol solution shows a more compact structure 
than that of the freeze-dried sample soaked in water. This seems to indicate that in the case of the 
freeze-dried samples, due to the restricted accessibility towards the ribbons’ core, the polyphenol 
molecules are mainly bound to the surface of the cellulose ribbons. The presence of these surface-
bound polyphenol molecules seems to reduce the access to the ribbons’ core region. It is therefore 
proposed that the initial deposition of small polyphenol molecules is limited to the ribbon shell 
surface, which may then be followed by the diffusion of polyphenol molecules towards the core of 
the cellulose ribbons, provided that the ribbon structure is not densely packed.  
The fact that the amount of bound polyphenols increased when water diffusion occurred prior to 
binding of polyphenols (pre-rehydration vs non-pre-rehydration), suggests that initial binding 
requires hydrophilic cellulose surfaces and subsequent binding is hindered by a ‘skin covering’ 
effect, resulting in a lower binding affinity as illustrated in Fig 4.3A. 
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4.5 Conclusions 
Food processing conditions modify the binding capacity of polyphenols onto cellulose to different 
extents. Boiling and autoclaving, which retained the hydrogels in a hydrated state, decreased the 
adsorption of polyphenols to a small extent through a reduction in the availability of cellulose OH 
groups. Freeze-drying removed all bulk water as well as most interfibrillar water held within 
ribbons, and significantly reduced the binding capacity as a result of not only creating a more 
densely packed cellulose network but also modifying the availability of OH groups on the surface 
and within individual ribbons. Another interesting finding is that polyphenol binding onto cellulose 
is much greater after prior rehydration in water as compared with the rehydration of cellulose in the 
presence of polyphenol molecules. This suggests that on hydration from a dried form, polyphenols 
can bind to the surface of cellulose ribbons and limit further adsorption of polyphenols as well as 
water uptake. 
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CHAPTER 5 ADSORPTION ISOTHERM STUDIES ON THE INTERACTION BETWEEN 
POLYPHENOLS AND APPLE CELL WALLS: EFFECTS OF VARIETY, HEATING AND 
DRYING 
Abstract 
The adsorption capacity of apple polyphenols onto cell walls from three apple varieties subjected to 
different processing was investigated. The isothermal adsorption studies were carried out over a 
range of concentrations (0.5-30 mM). The cell walls were subjected to boiling, oven drying and 
freeze drying. To investigate the impact of apple varieties on the bioaccessibility of polyphenols, 
‘Pink Lady’, ‘Granny Smith’ and ‘Red Delicious’ were used to quantify the interactions between 
polyphenols and cell walls. Adsorption isotherms were determined and modelled with Langmuir, 
Freundlich and Redlich-Peterson equations. The isotherm data fitted the Langmuir model best in all 
cases. Polyphenols selectively adsorbed onto cell walls with the maximum binding capacities 
ranging from 140 µg/mg to 580 µg/mg cell walls depending on their charges. A high amount of 
negatively charged pectin in apple cell walls significantly decreased the adsorption of negatively 
charged polyphenols presumably due to electrostatic repulsive forces. Boiling had limited effects on 
cell wall polysaccharides and polyphenol/cell wall interactions. However, drying decreased the 
binding capacities of all the polyphenols. Small angle X-ray scattering and microscopy analysis 
suggested that this is due to the altered character of the binding sites for polyphenols as a result of 
process-induced structural changes of cell walls. In addition, pectin solubilisation induced by oven 
drying also influenced the binding ability of polyphenols.  
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5.1 Introduction 
The nutritional and health-promoting effects of polyphenols in protecting humans from the risk of 
chronic diseases are now well established from both epidemiological and intervention studies [38]. 
The main source of dietary polyphenols is from plant-based food e.g. fruits and vegetables. The 
beneficial role of fruit and vegetable phenolics on human health depends not only on their chemical 
structure but also on their bioaccessibility (release from food matrix) and bioavailability (uptake) 
after digestion. Only the compounds released from the food matrix are potentially bioavailable in 
the small intestine. Since polyphenols are for the most part present in cell vacuoles, phenolic 
compounds must pass through the cell wall barrier which is also a potential habitat, whenever they 
are released from the intact cells. Consequently polyphenol association with cell walls by hydrogen 
bonding, hydrophobic interactions or ionic interactions can be important [13-15].  These 
interactions may have a major role in regulating the release of polyphenols in the upper digestive 
tract.  
In recent years, polyphenol/polysaccharide interactions have begun to receive greater attention due 
to their importance for selective extraction of polyphenols [6] and health consequences in terms of 
polyphenol bioavailability [7-10]. The most abundant associations are between polyphenols and the 
cell wall matrix which is a porous polysaccharide-based material. The binding capacity of plant cell 
walls for proanthocyanidins or condensed tannins, has been extensively studied for grapes and 
apples via hydrogen bonding, hydrophobic interactions and ionic interactions. The modification of 
cell wall polysaccharide composition and organization has been shown to influence the interaction 
with polyphenols, especially their structural features such as composition, physical state, 
conformational flexibility, and methylation degree [14, 180, 186, 187, 191]. Harsh drying of apple 
cell walls was found to decrease the affinity of the cell walls for PAs due to a decrease in porosity 
caused by reducing their surface area [180]. Polyphenols were found to have binding selectivity 
with model polysaccharides; pectin displayed the highest affinity for PAs due to the fine structure 
of a three-dimensional gel-like network with different levels of methylation and chain flexibility [14, 
187] and charge properties [7].  
To understand the health effect of polyphenols in terms of binding to cell wall polysaccharides, 
earlier work has been done on a simple cell wall model-bacterial cellulose and some plant cell walls 
[7, 10, 13-15, 125]. However, consequences of polyphenol-polysaccharide interactions are far 
reaching in food processing. The aim of this study was to quantify the binding of typical apple 
polyphenols to cell walls from three apple varieties through application of Langmuir, Freundlich 
and Redlich-Peterson isothermal models, and to investigate the effects of processing including 
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boiling, freeze drying and oven drying on binding capacities and affinities of cell walls as well as 
any binding selectivity of polyphenols. In addition, the process-induced physicochemical changes in 
apple cell walls which may underpin differences in adsorption behaviour of polyphenol molecules 
will be assessed.    
5.2 Materials and methods 
5.2.1 Materials 
Apples of the cultivar ‘Pink Lady’ ‘Red Delicious’ and ‘Granny Smith’ were purchased at a local 
supermarket (Brisbane, Australia) at the ready-to-eat stage.   
Polyphenols used in adsorption experiments that includes (-)-epicatechin, phloridzin dehydrate and 
chlorogenic acid were obtained from Sigma-Aldrich Pty. Ltd. (Castle Hill, NSW, Australia). 
Acetone, ethanol, and methanol of analytical quality were purchased from Sigma-Aldrich. 
Analytical grade sulphuric acid was purchased from VWR (Australia). Sodium tetraborate 
decahydrate andsulfamic acid were from Sigma-Aldrich (Castle Hill, NSW, Australia). D-
galacturonic acid standard (internal standard) was obtained from Sigma-Aldrich. m-
hydroxydiphenyl (3-phenylphenol, colour reagent) was purchased from Sigma-Aldrich, freshly 
prepared solution in water was used within 2 weeks. Working solutions used in uronic acid analysis 
were prepared according to  Filisetti-Cozzi et al. [257]. Acetic acid, dimethyl sulfoxide (DMSO) 
and ammonia were purchased from Merk. Dichloromethane, sodium borodeuteride and 1-
methylmidazole were purchased from Sigma-Aldrich. Sugar standards including α-L-ramnose, α-
L(-)-Fucose, L(+)Arabinose, D(+)Xylose, D(+)Mannose, D(+)Galactose, D(-)Ribose, 2-deoxy-D-
ribose, α-D(+)Glucose and internal standard (myo-inositol) were obtained from Sigma-Aldrich. 
Solutions for hydrolysis, reduction and acetylation steps in monosaccharide analysis were prepared 
as described in [258].     
5.2.2 Pre-treatment of cell walls 
Some apple samples were subjected to blanching, oven drying or freeze drying before cell wall 
extraction. 
Boiling: The apples were peeled and cut into 2.5 cm2 cubes followed by incubation in 2 g/L 
ascorbic acid solution at 100 °C  for 10 min. The soft hydrated samples were stored for cell wall 
extraction. 
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Oven drying: The apples were peeled and cut into 1 cm2 cubes, then the cubes were dried in an oven 
at 60 °C overnight. Then they were ground by 5 successive bursts of 30 s in a coffee blender. The 
fine brown powder was used for cell wall extraction. 
Freeze drying: The 1 cm2 apple cubes were frozen and freeze-dried for 48h. The dried samples were 
ground as oven dried samples. 
5.2.3 Preparation of cell walls 
The fresh and boiled apple cubes (2.5 cm2, 400 g respectively) were suspended in 500 mL chilled 
40 mM HEPES buffer (pH 7.0) with 1 g ascorbic acid and blended for 1min. Samples were then 
centrifuged at 20000 g for 20 min at 4 °C , the supernatant was removed and another 500 mL 
HEPES buffer was added and thoroughly mixed by Ultraturrax (IKA Ultra-Turrax T-25 Digital 
Homogenizer, Germany) at 20000 rpm for 1min, followed by centrifugation at 20000 g for 20 min 
at 4 °C . For dried samples (oven drying and freeze drying), 150 g powder was mixed with 500 mL 
HEPES buffer by Ultraturrax at 20000 rpm for 1min. The residue was collected and washed twice 
with 500 mL 80 % ethanol at 4 °C  for 30 min and centrifuged. The samples were washed with 
another 500 mL acetone: water solution (v/v 80:20) at 4 °C  overnight, then with pure acetone until 
the supernatant was non-coloured. The cell walls were suspended in 400 mL Tris-HCl phenol buffer 
(pH 6.7) for 1h and then phenol was removed under vacuum filtration. The remaining paste was 
thoroughly washed with acetone until the characteristic phenol smell was not detected. The sample 
was then washed with 400 mL methanol: chloroform (v/v 1:1) for 30 min under gentle stirring with 
a magnetic bead at 100 rpm. The material was the filtered and washed twice with acetone. The 
resultant paste was finally washed with Milli-Q water under vacuum filtration until there was no 
solvent smell.  The moisture content of fresh, blanched, oven-dried and freeze dried cell wall 
samples was 97.3%, 97.2%, 95.5% and 94.8% respectively.  
The preparation of the cell walls of different apple cultivars followed the same method described 
above. The moisture content of extracted cell walls from different apple varieties ‘Granny Smith’ 
and ‘Red Delicious’ was 97.7%, 97.8%, respectively. 
5.2.4 Adsorption experiment  
Epicatechin, phloridizin and chlorogenic acid were used in this study. Adsorption experiments were 
conducted according to the method described by Liu et al. [125]. Approximately 370 mg of 
hydrated cell wall sample was incubated in 2 mL of 0.5-30 mM polyphenol solutions at different 
pH values (pH 2, 3, 4, 5) for 2 h. Tubes were constantly shaken at 100 rpm on an orbital shaker at 
88 
 
room temperature. Control samples without cell walls were also incubated under the same 
conditions. After incubation, the samples were filtered through a 0.22 µm filter before absorbance 
measurement on a UV spectrophotometer (UV-1700 PharmaSpec, Shimadzu, Japan). The free 
solute polyphenol concentrations in all of the samples were determined based on external standard 
curves for individual phenolic compounds.  
5.2.5 Adsorption Model fitting 
Langmuir Isotherm Model. The Langmuir isotherm is based on the assumption of monolayer 
adsorption on a homogeneous surface. This model is expressed by the following equation [194]: 
!! = !! ∙ ! ∙ !!!+ ! ∙ !!  
where !! is the amount of polyphenols adsorbed per unit mass of cell walls (µg/mg), !! is the 
equilibrium concentration of free solute polyphenols in solution (µg/mL),  !! is the maximum 
adsorption capacity (µg/mg), and ! is the constant related to the affinity of the binding sites. The 
essential characteristics of Langmuir isotherms can be expressed by a dimensionless constant called 
the separation factor (or equilibrium parameter), !!, which is defined by the following equation: 
!! = !!+ ! ∙ !! 
The adsorption is considered as irreversible when !!= 0, favourable when 0 < !!< 1, linear 
when! ! =1, and unfavourable when !! >1. 
Freundlich Isotherm Model. The Freundlich isotherm is a multilayer type isotherm, typical for 
moderate interaction between adsorbent and adsorbate, followed by a cooperative effect of the 
adsorbed molecules in the multilayer adsorption. The Freundlich equation [194] is as below: !! = !! ∙ !!! 
where !! is the Freundlich adsorption constant related to the adsorption capacity, ! is the 
Freundlich exponent indicating adsorption intensity of the system, and !! is the equilibrium 
concentration of free solute polyphenols in solution (µg/mL). 
Redlich-Peterson Isotherm Model. This model is a combination of Langmuir and Freundlich 
isotherms. It can be described as follows [194] : 
!! = !! ∙ !!!+ ! ∙ !!! 
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where !! and ! are Redlich-Peterson isotherm constants, ! is the index for the heterogeneity of 
binding sites or cooperative coefficient of the binding interaction, and !! is the equilibrium 
concentration of free solute polyphenols in solution (µg/mL). 
5.2.6 Chemical composition 
5.2.6.1 Monosaccharide analysis 
Apple cell wall was calculated from individual sugar contents on the basis of dry weights following 
the method by Pettolino et al. [258] with a few variations. 3 g of apple cell wall samples is 
hydrolysed in 12 M sulphuric acid. The resultant monosaccharides are reduced with sodium 
borodeuteride and acetylated with 1-methylimidazole followed by alditol acetates. Samples 
containing individual neutral sugars are analysed by a GC/MS system (Hewlett-Packard HP 6890 
GC with a Hewlett-Packard 5973 MS instrument, Agilent) equipped with a high polarity SGE 
BPX70 column (25m × 0.32 mm i.d., film = 0.25 µm). 20 mg/mL myo-inositol is used as an 
internal standard. 
5.2.6.2 Uronic acid assay 
The total uronic acids are determined by a colorimetric method following the method by  Filisetti-
Cozzi et al. with a few modifications[257]. 3 mg of apple cell wall samples is hydrolyzed in 0.5 mL 
concentrated sulphuric acid twice, followed by Milli-Q water dilution to make the final volume of 
10 mL.160 uL of hydrolysed sample is mixed with 800 uL of 12.5mM sodium tebraborate in 
sulphuric acid with addition of 20 uL of 4 M sulfamic acid-potassium sulfamate (pH 1.6) to resolve 
the interference caused by browning that occurs during sample hydrolysis. Then the mixture is 
incubated for 20 mins in the oven at 95 oC. 40 uL of 3-phenylphenol is added to react with the 
released uronic acids. The mixture is thoroughly mixed and allowed to react for 10s before 
observation by UV-Vis spectrometer (UV-1700 PharmaSpec, Shimadzu, Japan) at 525nm. The 
absorbance of the mixture without 3-phenylphenol and the maximum absorbance after the addition 
of color reagent are recorded as control and sample. The total uronic acids are calculated based on 
the working curve of the galacturonic acid standards (0, 40, 80, 160, 200 ug/mL). 
5.2.7 Confocal laser scanning microscopy (CLSM) 
To visualize the cell walls, Calcofluor White was used to stain for cellulose. The cell wall sample 
was gently mixed with 1mL of the dye (0.1% in water) for 10 min. The stained samples were 
washed with water and placed on a glass slide covered by a glass cover slip. Imaging was 
performed using a LSM 700 confocal system (LSM 700, Carl Zeiss, Jena, Germany). The 
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microstructure was studied at an increasing series of magnifications using ×10 and ×63 objective 
lenses. The excitation wavelength was set at 405 nm and fluorescence was detected in the range 
from 440 nm to 470 nm. 
5.2.8 Small angle X-ray scattering 
SAXS measurements, according to the method described by Martinez-Sanz et al. [132] were 
performed on a Bruker Nanostar. The Pink Lady apple cell wall samples were run in their native 
state (i.e. partially hydrated) and after removing moisture by air-drying. The SAXS experimental 
data was fitted by using mathematical functions based on a core-shell model. A detailed description 
of the form factor function and the parameters defining the model can be found elsewhere [125, 
133].  
5.2.9 X-ray diffraction (XRD) 
The crystalline structure of apple cell walls was investigated by XRD measurements performed 
with a PANalytical X’Pert Pro diffractometer, according to the method described by Martinez-Sanz 
et al. [132]. The samples were air-dried prior to the analyses. Peek fitting was carried out as 
described in [132]. 
5.3 Results 
5.3.1 Cell wall characterization 
In agreement with previous studies [259, 260], arabinose, galactose and glucose were the 
predominant neutral monosaccharides, together with large amounts of uronic acid as shown in 
Table 5.1, which summarizes the compositions of the different apple cell wall materials, expressed 
as percentage of total monosaccharides. The relative content of monosaccharides was attributed to 
major cell wall polysaccharides, pectin, cellulose and xyloglucan in apple cell walls [261, 262]. 
Xylose content was assigned to xyloglucan since xylan has not been detected in apple cell walls 
[263]. Based on the xylose content (xylose : glucose = 1.7 : 4 [261]), cellulosic glucose was 
calculated and accounted for 48% - 68% glucose depending on apple varieties. Small amounts of 
xylose, mannose and traces of rhamnose and fucose were also detected. The analysed level of 
arabinose and galactose are reported to be linked to pectin units [261]. Pectin homogalacturonans 
were present in high amounts as shown by the high uronic acid content. ‘Pink Lady’ is a late-
maturing, long-storing cultivar [264]. Late season apples tend to have a late breakdown of pectin in 
the strong intercellular lamellae. Therefore, the composition and mechanical properties of ‘Pink 
Lady’ cell walls might be expected to be different from the other two cultivars. Indeed ‘Pink Lady’ 
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has about 100% and 70% more uronic acid in cell walls than ‘Granny Smith’ and ‘Red Delicious’ 
respectively. Another notable difference was a higher arabinose and galactose content in the cell 
walls from ‘Granny Smith’, which is expected to correspond to the presence of highly branched 
‘arabinans and galactan’ linked to ‘hairy’ rhamnogalacturonan I in apple cell walls [259].  
Table 5. 1 Monosaccharides composition of apple cell walls from different cultivars, expressed as 
percentage (%) of total monosaccharides 
Variety Pink Lady Granny Smith Red Delicious 
rhamnose <1 <1 <1 
fucose <1 <1 <1 
arabinose 8.84 ± 0.29 a 13.15 ± 0.09 b 9.24 ± 0.16 a 
xylose 3.45 ± 0.08 a 8.03 ± 0.07 b 9.02 ± 0.05 b 
mannose 1.42 ± 0.01 a 2.21 ± 0.10 a 1.56 ± 0.07 a 
galactose 4.30 ± 0.46 a 8.84 ± 0.23 b 5.84 ± 0.03 a 
glucose 25.36 ± 0.15 a 40.58 ± 0.19 b 41.16 ± 0.06 b 
uronic acid 56.11 ± 4.15 a 27.18 ± 2.07 b 33.17 ± 3.91 c 
               Values with different letters mean significant difference between varieties p<0.05. 
5.3.2 Adsorption isotherms analysis of different polyphenols 
Three typical apple polyphenols were tested with respect to their ability to bind to apple cell walls. 
A contact  time of 2 h was found to be sufficient for each system to attain equilibrium in previous 
studies [125]. The binding curves after 2 h incubation are presented in Fig 5.1. As can be seen, each 
of the three polyphenols showed an initial steep slope and asymptotic level, indicating more intense 
adsorption at low concentration range and higher adsorption capacities. The highest retention 
percentage was found at the concentration of 5 mM, i.e. 22 % of epicatechin, 15.8 % of phloridzin 
and 14.5 % of chlorogenic acid, and the percentage dropped down to 9.8 % of epicatechin, 7.0 % of 
phloridzin and 6.5 % of chlorogenic acid at the highest concentration. The proportion of retained 
polyphenols decreased with their concentrations, which was in agreement with the studies of 
procyanidins [15].  The initial polyphenol concentration provides an important mass transfer driving 
force, hence the increase in initial concentration results in higher polyphenol adsorption. At high 
concentrations, the curves approach a plateau indicating a saturation of the cell walls. Chlorogenic 
acid showed a weaker tendency of increased adsorption at high concentration range compared with 
the other two polyphenols. The molarity of polyphenols retained on cell walls followed the order of 
epicatechin > phloridzin > chlorogenic.  
Three widely used models: Langmuir, Freundlich and Redlich-Peterson were applied for the fitting 
of the experimental data. The parameters were calculated and summarized in Table 5.2. All three 
models could provide a good fit to the experimental adsorption data (R2 > 0.97). The Redlich-
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Peterson equation is a combined form of the Langmuir and Freundlich expressions. The Redlich-
Peterson heterogeneity index or cooperativity coefficient (β) was approximately 1, indicating 
homogenous binding sites and no cooperativity of binding sites. This implies that the Redlich-
Peterson isotherm equation reduces to the Langmuir equation, and polyphenol adsorption data are 
more of the Langmuir form rather than of the Freundlich form. The favourability of the three 
polyphenols adsorption was confirmed by the essential feature of the Langmuir isotherm model, RL 
values in the range of 0-1, which is indicative of favourable adsorption [265]. The maximum 
binding capacity calculated from the Langmuir equation for chlorogenic acid was significantly 
lower than the other two polyphenols, as can be anticipated from Fig 5.1. There was no evidence for 
intensive multilayer adsorption in this study; the small polyphenol molecules used in this study do 
not need intermolecular stacking for stabilization, as for e.g. anthocyanins [8].    
!
Fig 5. 1 Adsorption curves of three polyphenols on Pink Lady apple cell walls  
fit by Langmuir isotherm 
Table 5. 2 Langmuir, Freundlich and Redlich-Peterson parameters for the adsorption of different 
polyphenols on Pink Lady apple cell walls at pH 3.8 at room temperature 
Polyphenols Langmuir Freundlich Redlich-Peterson 
 Qm 
(µg/mg) 
b RL R2 KF n R2 KR α Β R2 
Epicatechin 266.81 0.068 0.967 0.9857 27.85 0.567 0.9867 461.99 0.054 0.743 0.9886 
Phloridzin 294.96 0.077 0.963 0.9967 35.12 0.538 0.9845 266.55 0.071 1.125 0.9970 
Chlorogenic 
acid 141.23 0.129 0.939 0.9931 23.72 0.492 0.9741 125.65 0.114 1.201 0.9939 
5.3.3 Comparison of different apple varieties 
Apple cultivars (Pink Lady, Granny Smith, Red Delicious) which had different cell wall 
compositions (Table 5.1) were chosen to study the adsorption of polyphenols on cell walls.  
The modelling of Langmuir, Freundlich and Redlich-Peterson equations all fitted the experimental 
data well (R2>0.93) and gave the predicted constants shown in Table 5.3. For all combinations of 
apple variety and polyphenol, the best representation of the experimental results of the adsorption 
isotherms was obtained using the Langmuir equation with correlation coefficients (R2) in the range 
of 0.97-0.99. The binding isotherms followed the same trend among different apple varieties. For 
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epicatechin and phloridzin, higher binding capacities were observed from ‘Pink Lady’, followed by 
‘Red Delicious’ and ‘Granny Smith’. In contrast, chlorogenic acid presented a distinct binding 
affinity to different varieties. The binding saturation level was very high for ‘Red Delicious’ where 
the chlorogenic acid represented up to more than 50 % by weight of the initial cell walls, and was 
1.8 times and 4.1 times higher than ‘Granny Smith’ and ‘Pink Lady’. The binding affinity (b) did 
not show a consistent pattern, indicating that polyphenols selectively adsorbed to cell walls. 
However, high binding capacities were always accompanied by low binding affinities. Presumably, 
either the conformational flexibility of cell walls or phenolic molecular properties contributed to 
different underlying mechanisms of binding. 
Table 5. 3 Langmuir, Freundlich and Redlich-Peterson parameters for the adsorption of different 
polyphenols on apple cell walls of different varieties at pH 3.8 and room temperature 
Polyphenols Variety 
Langmuir Freundlich Redlich-Peterson 
Qm 
(µg/mg) b RL R
2 KF n R2 KR α β R2 
Epicatechin 
Pink Lady 266.81 0.068 0.967 0.9857 27.85 0.567 0.9867 461.99 0.054 0.743 0.9886 
Granny 
Smith 202.17 0.047 0.977 0.9962 14.82 0.624 0.9905 187.88 0.046 1.056 0.9962 
Red 
Delicious 250.57 0.036 0.982 0.9889 13.85 0.668 0.9925 3827.64 0.0035 0.681 0.9925 
Phloridzin 
Pink Lady 294.96 0.077 0.963 0.9967 35.12 0.538 0.9845 266.55 0.071 1.125 0.9970 
Granny 
Smith 215.29 0.137 0.936 0.9820 36.58 0.473 0.9765 203.94 0.096 1.157 0.9976 
Red 
Delicious 223.35 0.110 0.948 0.9969 41.06 0.444 0.9507 176.50 0.066 1.636 0.9870 
Chlorogenic 
acid 
Pink Lady 141.23 0.129 0.939 0.9931 23.72 0.492 0.9741 125.65 0.114 1.201 0.9939 
Granny 
Smith 324.79 0.041 0.979 0.9910 20.12 0.656 0.9808 202.47 0.023 1.596 0.9943 
Red 
Delicious 580.07 0.039 0.981 0.9716 30.28 0.696 0.9625 296.92 0.005 2.434 0.9940 
 
5.3.4 Comparison of different processing treatments 
Binding isotherms were measured for all the Pink Lady apple cell walls isolated after different 
processing conditions. The same binding pattern was found as with the original cell walls, i.e. a 
steep slope at low concentrations and a gradual increase at high concentrations. The equilibrium 
adsorption amounts for all three polyphenols on cell walls followed the order of fresh ≈ boil > OD > 
FD. This order is in agreement with a previous study of binding to pure cellulose [125]. 
Processing did not change the shape of binding isotherm but did change the binding levels. 
Satisfactory fitting of the data was obtained with the Langmuir isotherm equation for all processing 
types. The apparent saturation levels (Qm) were quite close between fresh and boiled cell walls. 
Polyphenol saturation levels for cell walls subjected to drying were significantly (P<0.05) lower, 
especially the freeze-dried samples which reduced by 73 % for epicatechin, 66 % for phloridzin and 
51% for chlorogenic acid (Table 5.4). On the other hand, the apparent affinities (b) were found to be 
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always high in freeze dried cell walls and had no consistent pattern among different polyphenols. 
Therefore, the lower saturation level and higher binding affinities indicated that there was a 
limitation of binding sites in cell walls from freeze dried apple tissue.  
Table 5. 4 Langmuir, Freundlich and Redlich-Peterson parameters for the adsorption of different 
polyphenols on processed apple cell walls at pH 3.8 and room temperature 
Polyphenols Processing 
Langmuir Freundlich Redlich-Peterson 
Qm 
(µg/mg) 
b RL R2 KF n R2 KR α β R2 
Epicatechin 
Fresh 266.81 0.068 0.967 0.9857 27.85 0.567 0.9867 461.99 0.054 0.743 0.9886 
Boil 316.65 0.033 0.984 0.9981 15.54 0.689 0.9972 452.37 0.028 0.873 0.9985 
OD1 163.95 0.042 0.979 0.9946 10.76 0.642 0.9933 228.05 0.037 0.855 0.9953 
FD2 72.08 0.112 0.938 0.9959 12.00 0.47 0.9714 64.14 0.092 1.219 0.9971 
Phloridzin 
Fresh 294.96 0.077 0.963 0.9967 35.12 0.538 0.9845 266.55 0.071 1.125 0.9970 
Boil 242.64 0.105 0.950 0.9807 36.84 0.495 0.9661 222.39 0.097 1.131 0.9811 
OD 142.65 0.107 0.951 0.9806 22.41 0.491 0.9583 120.39 0.072 1.417 0.9835 
FD 99.06 0.181 0.917 0.9861 22.37 0.411 0.9472 85.82 0.113 1.483 0.9908 
Chlorogenic 
acid 
Fresh 141.23 0.129 0.939 0.9931 23.72 0.492 0.9741 125.65 0.114 1.201 0.9939 
Boil 159.93 0.085 0.959 0.9745 19.32 0.556 0.9728 223.45 0.075 0.798 0.9761 
OD 132.02 0.066 0.968 0.9956 12.42 0.602 0.9913 148.72 0.065 0.922 0.9958 
FD 68.52 0.136 0.936 0.9912 12.14 0.478 0.9738 66.71 0.134 1.039 0.9913 
1OD represents oven drying; 2FD represents freeze drying 
 
5.3.5 Effects of cell wall polysaccharides altered by food processing  
Food processing had minor effects on monosaccharide compositions for Pink Lady apple cell walls, 
except that uronic acid levels in oven-dried cell walls were significantly lower than the original 
apple cell walls (Table 5.5). It has been reported that temperature above 60 could trigger the β-
eliminative cleavage and solubilization of pectins. Therefore, the resulting decrease of the content 
of uronic acid was most likely due to heat-degraded pectin leaching into the cooking water or 
extraction water in the process of cell wall preparation. 
   Table 5. 5 Monosaccharides composition of apple cell walls under different processing conditions 
Apple variety Pink Lady 
Cell walls Fresh Boil OD1 FD2 
rhamnose 0.21 ± 0.07 a 0.40 ± 0.05 a 0.71 ± 0.24 a 0.42 ± 0.10 a 
fucose 0.30 ± 0.004 a 0.31 ± 0.05 a 0.38 ± 0.02 a 0.21 ± 0.03 a 
arabinose 8.84 ± 0.29 a 10.30 ± 0.39 a 8.60 ± 0.19 a 9.54 ± 0.60 a 
xylose 3.45 ± 0.08 a 4.17 ± 0.04 a 6.18 ± 0.05 a 4.03 ± 0.12 a 
mannose 1.42 ± 0.01 a 1.60 ± 0.06 a 2.97 ± 0.11 a 1.56 ± 0.09 a 
galactose 4.30 ± 0.46 a 4.81 ± 0.02 a 6.17 ± 0.11 a 3.96 ± 0.72 a 
glucose 25.36 ± 0.15 a 23.46 ± 0.14 a 39.48 ± 0.29 b 24.03 ± 1.19 a 
uronic acid 56.11 ± 4.15 a 54.95 ± 2.87 a 34.58 ± 3.27 c 57.21 ± 7.52 a 
  1OD represents oven drying; 2FD represents freeze drying; (―): not detectable; Values with different letters mean significant 
difference p<0.05. 
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5.3.6 Effects of pH 
The pKa values of pectin and chlorogenic acid are about 3.5 and 3.3, respectively. The pH of the 
formulation could affect the degree of ionization of the pectin molecules and its electrostatic 
interactions. As shown in Figure 5.2, the pH was changed from 2 to 5 at a concentration of 5mM 
(chlorogenic acid) and a temperature of 20. The adsorption of chlorogenic acid onto apple cell 
walls decreased with pH among cultivars. The adsorption capacity was very similar at the pH 
around the pKa. The relative decrease observed at pH 5 was 28 % for Pink Lady, 24 % for Granny 
Smith and 23 % for Red Delicious in comparison with that at pH 2.  
!
Fig 5. 2 Adsorption experiments on apple cell walls from different varieties at pH 2, 3, 4, 5 at 20. 
* indicates statistical differences between different pH treatments at p < 0.05, ** indicates 
differences at p < 0.01 
 
5.3.7 Overall microstructure of apple cell walls 
The overall microstructure of apple cell walls was observed by confocal laser scanning microscopy 
(CLSM) where cell walls were labelled by Calcofluor white which shows fluorescence. The cell 
walls were highly disrupted with broken edges visible (in green in Fig 5.3). There was no obvious 
difference between cultivars even under high magnification. The fresh and boiled cell walls 
presented a highly dispersed homogenous microstructure (Fig 5.4). A markedly different fracture 
pattern was observed for cell walls from OD and FD apple, with confocal images displaying 
compact cell wall fragments (Fig 5.4). Oven drying led to the smallest particle sizes with intense 
disruption, with occasional small aggregates observed. Freeze drying created a more densely packed 
fracture i.e. large aggregates which is an indication of less surface area available for polyphenol 
binding. 
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!
Fig 5. 3 Confocal images of cell walls (in green) from different apple cultivars stained with 
Calcofluor white. 
 
 
!
Fig 5. 4 CLSM micrographs of Pink Lady apple cell walls (in green) subjected to boiling, oven-
drying and freeze-drying. 
5.3.8 Nanostructure of cell walls after different processing 
X-ray diffraction (XRD) and small angle X-ray scattering (SAXS) experiments were carried out to 
investigate the structure of intact and processed apple cell walls from the Pink Lady variety at the 
nano- and micro-metre size range and evaluate possible structural alterations that might have been 
induced by the different processing treatments applied. The crystalline configuration of cellulose in 
the different samples was firstly characterised by means of XRD and the obtained diffraction 
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patterns are shown in Figure 5.5. As observed, the native and processed apple cell wall samples 
show two diffraction peaks. The first peak is indeed the overlap of the diffraction peaks 
characteristic from the (1-10) and (110) cellulose crystalline planes, while the most intense peak 
located at ca. corresponds to the (200) crystalline plane. The overlap of the first two diffraction 
peaks is typical from samples in which the predominant crystalline allomorph is the cellulose 
Iβ [266]. The estimated crystallinity index and crystallite cross-sectional dimensions, using the 
Scherrer equation, are summarised in Table 5.6. The fresh apple cell walls present a crystallinity 
value of ca. 38% (corresponding to the crystalline plus paracrystalline content), which is much 
lower than other plant cell wall sources presenting high cellulose contents, such as cotton [267]. 
Although the standard deviations are high due to the large uncertainties associated to the fitting of 
the first two diffraction peaks, there is a trend of slightly decreased crystallinity after the applied 
treatments, whereas the dimensions of the “crystallites” remain unaffected. The SAXS results from 
the native (i.e. partially hydrated) and air-dried samples, shown in Figure 5.6, are useful to 
investigate the architecture of cellulose microfibrils in the different plant cell wall materials. As 
observed in Figure 5.6A, the native samples display a broad shoulder feature, similar to what has 
been previously reported for hydrated cotton [267] or bacterial cellulose [133] samples. The same 
core-shell model previously applied to cotton and bacterial cellulose [133-135] was used in this 
work to fit the experimental SAXS data, providing satisfactory fits for all the samples. This core-
shell model considers that each cellulose microfibril is composed of a core containing impermeable 
cellulose crystallites and a shell containing hydrated paracrystalline cellulose. The obtained fitting 
parameters, summarized in Table 5.7, are indicative of cellulose microfibrils with an impermeable 
crystalline core of ca. 1.0-2.8 nm. These dimensions are close to the crystallite cross-section values 
estimated from the XRD characterisation, confirming that the impermeable microfibril core is 
composed of crystalline cellulose. The overall microfibril diameter values are ca. 3.5 nm for the 
native apple CWs, ca. 3.9 nm for the boiled sample, ca. 3.2 nm for the oven-dried sample and ca. 
3.6 nm for the freeze-dried sample. A proposed structure for the cellulose microfibrils in the 
different native samples, based on the SAXS fitting results, is shown in Figure 5.7. Despite the fact 
that the structure of cellulose microfibrils in the oven dried samples seems to differ significantly 
from that of the native CWs, as observed in Table 5.7, the core radius presents a large 
polydispersity value as compared to the other samples. This might be indicative of a greater 
structural heterogeneity in the oven dried material. The relative thickness of the microfibril core 
decreases in the boiled and freeze-dried samples, supporting the XRD results and suggesting that 
the amount of crystalline and paracrystalline cellulose is slightly reduced as a result of these 
treatments. The SAXS patterns of the air-dried samples show shoulder-like features in the q region 
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between ca. 0.05 and 0.25 Å-1 (Fig 5.6B), similar to the ones previously detected for bacterial 
cellulose composites containing pectin or xyloglucan [132], and indicative of the presence of PCW 
matrix polysaccharide domains interspaced with the individual cellulose microfibrils. The position 
of the shoulders, determined by fitting the data to a power-law plus Gaussian peak function, is 
characteristic of real distances of ca. 6.0 nm in the native apple CWs, ca. 5.5 nm in the boiled 
sample, ca. 5.1 nm in the oven-dried sample and ca. 6.3 nm in the freeze-dried sample. These 
dimensions would correspond to the cellulose microfibrils and the “coating layer” of CW 
polysaccharides, such as pectins which are interacting with the cellulose paracrystalline domains 
[137]. Interestingly, the cellulose interfibrillar distance peak is only clearly detected in the freeze-
dried sample, indicating a close packing of cellulose microfilbrils, at least in some regions, with a 
characteristic microfibril centre-to-centre distance of ca. 4.8 nm. This stronger microfibril 
association may be responsible for the limited polyphenol binding observed in the freeze-dried 
apple CWs. As a result of microfibril aggregation, a limited amount of the hydroxyl groups present 
in the surface of the cellulose microfibrils and in the CW polysaccharides interacting with cellulose 
would be available for polyphenol binding.  
!
Fig 5. 5 XRD patterns of the air-dried samples. 
 
Table 5. 6 Crystallinity index (XC) and cross-sectional dimensions of crystallite sizes in the 
direction perpendicular to the (1-10), (110) and (200) planes (D1-10, D110 and D200), determined from 
the XRD patterns of the air-dried samples. Standard deviations on the last digit are shown in 
parentheses. 
! Apple CW Fresh1 Apple CW Boiled Apple CW Oven-dried Apple CW FD2 
XC (%) 38 (3) 33.2 (8) 32.7 (2) 30 (9) 
D1-10 (nm) 1.9 (5) 2 (1) 2.9 (9) 2 (1) 
D110 (nm) 2 (1) 2 (1) 2.6 (7) 2 (2) 
D200 (nm) 2.68 (3) 2.74 (8) 2.83 (5) 2.77 (8) 
CW1 represents cell walls; FD2 represents freeze-dried 
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Fig 5. 6 (A) SAXS patterns of the Pink Lady apple CW samples in their native state (partially 
hydrated) and (B) SAXS Kratky plot of the air-dried apple samples. 
 
 
Table 5. 7 Parameters obtained from the SAXS data fitting of native Pink Lady apple CW samples, 
using the core-shell model. Standard deviations on the last digit are shown in parentheses. 
 Pink Lady Apple Cell Walls 
 Fresh Boil OD1 FD2 
Scale factor 0.020 (2) 0.019 (2) 0.048 (2) 0.094 (1) 
Core radius (nm) 1.2 (5) 1.14 (7) 0.50 (1) 0.89 (2) 
Polydispersity  0.10 (1) 0.10 (8) 0.50 (4) 0.10 (4) 
Core length (nm) (*) 500 500 500 500 
Radial shell thickness (nm) 0.55 (6) 0.83 (8) 1.10 (5) 0.91 (2) 
Cellulose volume fraction (Shell) 0.60 (1) 0.40 (8) 0.60 (1) 0.57 (3) 
SLD core cellulose (1010 cm-2) (*) 14.46 14.46 14.46 14.46 
SLD shell cellulose (1010 cm-2) (*) 13.65 13.65 13.65 13.65 
SLD bound solvent (1010 cm-2) (*) 11.84 11.84 11.84 11.84 
Power-law coefficient 1.2 (1)·10-4 1.2 (2)·10-4 1.27 (7)·10-4 5.0 (2)·10-4 
Power-law exponent 2.10 (2) 1.98 (3) 2.31 (1) 2.01 (1) 
1OD represents oven drying; 2FD represents freeze drying. Parameters displayed with (*) were fixed during the fitting process. 
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Fig 5. 7 Proposed cellulose microfibril structure based on the SAXS fitting results. 
 
5.4 Discussion 
The isothermal adsorption method is usually used to describe the relationship between the 
equilibrium adsorption capacity of absorbent (in this case apple cell walls) and the equilibrium 
concentration of the adsorbates (in this case polyphenols). The fitted binding isotherms parameters 
provide not only a quantitative description of the binding capacity (Qm), but also suggest 
implications for the mechanisms behind the binding. Satisfactory fitting of the experimental data 
with the Langmuir isotherm was obtained for all of the samples. The heterogeneity factor or the 
cooperativity coefficient (β) of the adsorption in the Redlich-Peterson equation was approximately 
1, suggesting that the adsorption mechanism was close to homogenous. In this sense, Qm can be 
interpreted as the total number of binding sites that are available for adsorption.  
In the initial phase (low polyphenol concentration), the proportion of bound polyphenols was 
proportional to the concentration in solution, i.e. there was no competition between the molecules 
for binding sites. The subsequent asymptotic slope indicated that the adsorption was determined by 
the availability of unoccupied binding sites on the surface of cell wall fibers.  
The hydroxyl groups in polyphenols and cell walls are the functional groups responsible for 
hydrogen bonding between polyphenols and cell walls. Therefore, the varying structures of 
polyphenols e.g. numbers of hydroxyl groups, esterification of phenolic acids etc could affect their 
binding affinities for polysaccharides [13, 183].  We observed that the similar molecular size 
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flavonoids, epicatechin and phloridzin showed very similar binding abilities to apple cell walls, but 
significantly differed from a phenolic acid i.e. chlorogenic acid. This result was consistent with the 
conclusion that the more ortho phenolic groups and aryl rings favour more interactions between 
polyphenols and polysaccharides [13]. Recent research has suggested that the esterified gallic acid 
reduces adsorption behavior [183]. A similar phenomenon was observed for chlorogenic acid, the 
ester formed between caffeic acid and quinic acid, in that the adsorption of chlorogenic acid was 
notably lower than for epicatechin and phloridzin which are flavonoids with more functional groups 
e.g. phenolic hydroxyls for hydrogen bonding. Besides, the highly condensed cellulosic structure 
generated by cellulose polymer was reported to be more attractive to flavol-3-ols i.e. catechin 
through hydrophobic attractive forces and surface phenomenon than hydrophilic xyloglucan [255]. 
Therefore, the higher binding ability of ‘Pink Lady’ cell walls which a higher ratio of cellulose 
(Table 5.1) to epicatechin was also determined by hydrophobic attractive forces.  
However, it is interesting to notice that the adsorption of chlorogenic acid was higher for the cell 
walls of ‘Red Delicious’ and ‘Granny Smith’ which have lower pectin in comparison with ‘Pink 
Lady’. The three polyphenol molecules have similar molecular weight and they are sufficiently 
small molecules that steric effects are likely to be negligible. In addition, the differences in binding 
behaviour seem unlikely to have been dominated by the microstructure of cell walls as the cell walls 
from different apple varieties showed very similar swollen and porous networks (Figure 3). 
Therefore, it is assumed that the difference in binding ability is due to the cell wall compositional 
variation. Different varieties have different harvest time which is relevant to cell wall thickness and 
structure. Mature late season apples i.e. Pink Lady tend to be stiffer and tougher than early apples 
i.e. Granny Smith, Red Delicious as they have smaller cells and thicker cell walls [268]. The 
firmness of fruit was suggested to be linked with changes in pectic substances [107]. Early season 
apples become soft and mealy quickly due to the early breakdown of pectins i.e. de-methylation, de-
polymerization in the weak intracellular lamellae [268]. The firmer structure in ‘Pink Lady’ do not 
necessarily directly correlate with low pectin degradation i.e. de-methylation, de-polymerization, 
but appears to be a reasonable result that a restricted access of cell-wall modifying enzyme e.g. 
pectin methylesterases (PME) contribute to maintaining wall strength. Therefore, it is assumed that 
‘Pink Lady’ shows a higher binding affinities for polyphenols due to higher mount of pectin and 
probably higher level of methylation [14].  The cell wall polysaccharide compositions of the three 
apple cultivars were also quite different in pectin content. 
Recent research on the association between polyphenols and cell walls showed that pectin, the main 
component of apple cell walls, displays strong affinity to positively charged procyanidins [22], and 
can modulate the interaction with other biomolecules due to the intrinsic negative  charge of pectin 
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that could influence interactions with other charged biomolecules e.g. phenolic acid [9].  In apples, 
the pectic polysaccharides are the main class of structurally complex polysaccharides and are 
composed of different domains including linear homogalacturonan (HG) which becomes de-
methylesterified and depolymerised during fruit ripening, branched ‘hairy’ rhamnogalacturonans I 
and II (RGI and RGII), which becomes depleted of its large galactan and arabinan side chains 
during fruit ripening [87, 269]. As negatively charged pectic polysaccharides caused charge 
repulsion with negatively charged ferulic acid, this was considered responsible for a lesser extent of 
binding with cell walls and cellulose-based composites [255]. The adsorbate is mainly in the 
protonated form at pH < pKa and in the deprotonated form at pH > pKa. As the pKa of pectin and 
chlorogenic acid are 3.5 and 3.3 respectively, the pectic polysaccharides are deprotonated and 
mostly negatively charged at pH > 3.5. The uptake of chlorogenic acid decreased with the rise of 
pH. In this pH range, electrostatic repulsion force exists between negatively charged chlorogenic 
acid and negatively charged cell wall surfaces which resulted in decreased interactions.  The more 
adsorption of chlorogenic acid at low pH to the cell walls with less pectic polysaccharides 
confirmed that the electrostatic interactions played a predominant role between cell wall 
polysaccharides and charged phenolic compounds. Several previous studies have also identified the 
role of ionic forces in controlling the association between polyphenols and charged surfaces [10, 
185, 194, 270].  
Recent studies on the association between polyphenols and cell walls have suggested that pectic 
polysaccharides would be able to modulate the interactions depending on their conformational 
flexibility [14, 186, 187]. In this study, ‘Granny Smith’ has statistically significantly higher 
amounts of Ara and Gal than ‘Pink Lady’ and ‘Red Delicious’, indicating a relatively high 
abundance of highly branched RG-I pectin which has been suggested to limit interactions with 
procyanidins [186]. The mobility and the conformation of the neutral sugar side chains could be one 
of the reasons for the resulting low adsorptions of each polyphenol on the cell walls from ‘Granny 
Smith’. Besides, a high cell wall galactan content has been associated with reduced cell wall 
porosity [103], which may restrict assess of small molecules i.e. polyphenols retained within it. 
The difference in polyphenol adsorption on the cell walls from different varieties seems to have 
resulted mainly from compositional variation, as they have similar apparent microstructures. 
However, based on composition analysis and microstructure studies, it is obvious that the structure 
and packing density of the cell walls exerted a more important role in modifying the association 
with polyphenols with respect to different processing conditions. Both oven drying and freeze 
drying markedly altered the structure of cell walls (Figure 5.4) accounting for the resulting low 
polyphenol adsorption (Table 5.4). Similar to the previous studies of cellulose composites [125], 
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densification of cellulose-based cell wall structures limited the adsorption of  phenolic molecules on 
cell walls due to the reduced surface areas and the consequent lower availability of the cellulose 
surface hydroxyl groups for hydrogen bonding. This result was in agreement with previous research 
which showed that drying markedly decreased the surface area and caused a conversion to a 
nonporous material which was related to a low binding capacity [180]. It is also reflected from 
microstructural images where both drying processes created a closely packed network, and oven 
drying led to smaller fractions that increased the surface area compared with freeze drying (Figure 
5.4). An open and swollen network that provides enough hydrophilic surface area favours 
interactions between polyphenols and cell walls.  
Changes in cell wall composition as a result of processing were fairly limited except for oven 
drying. It has been widely reported that thermal treatment results in pectin solubilisation and 
degradation with or without enzymes e.g. pectin methylesterase (PME), for example, cooking could 
extract soluble pectin during the early stages [271] and heat could activate the endogenous enzyme 
systems that caused pectin degradation in oven-dried olive [272]. Boiling as applied in this study 
was a relatively mild heating treatment as the treatment time was only 10 min, and caused little 
change in cell wall composition (Table 5.5). Besides, it has been reported that blanching could not 
alter the degree of methylation in cucumber mesocarp tissue [273]. However, oven drying is a long-
lasting heating process during which it appears that a substantial degradation and solubilization of 
pectin occurs due to an activation of PME which could be triggered at 60-70 °C. Subsequently, 
elimination of highly methylated pectin in the process of cell wall extraction decreased the affinities 
for polyphenols which is consistent with Le Bourvellec et al. [180]. Therefore, the binding of 
chlorogenic acid on oven-dried cell walls was similar with boiled and fresh cell walls, as there was 
a balance of more binding resulted from weaker repulsive forces (less negatively charged pectin) 
and less adsorption due to the more compact cellulose network.   
The molecular interactions between polyphenols and cell wall polysaccharides are of importance in 
regulating the free concentration of polyphenols in foods, thus affecting their bioaccessibility and 
bioavailability in the human gastrointestinal (GI) tract. The existence of noncovalent interactions 
between polyphenols and apple cell walls explained the low extraction and release of polyphenols 
[6]. Different apple varieties have various chemical and physical properties of cell walls that 
determine not only their characteristic texture but also the potential health-promoting effects of 
polyphenols. This study showed that pectin has a major role in regulating the association between 
polyphenols and cell walls due to its charged smooth regions and its role in retaining a porous cell 
wall structure. Generally speaking, highly methylated pectin and open/swollen cell wall structure 
favour the interactions between cell walls and polyphenols, except for negatively charged 
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polyphenols thus reducing polyphenol bioaccessibility. In this sense, boiling has limited effect on 
bioaccessibility, whereas freeze-drying and oven-drying are able to increase the bioaccessibility of 
polyphenols by shrinking the cell wall network, plus modifying pectin for the latter one. Despite 
elimination of some pectins, cell walls subjected to thermal processing still had a selective affinity 
for different polyphenol molecules that may protect them by effective encapsulation in the matrix 
during their transit through the digestive system to be metabolized in the colon. Both apple variety 
and food processing conditions have consequences on the nutritional and biological properties of 
polyphenols through their interactions with cell wall dietary fibers. 
5.5 Conclusions 
The adsorption of polyphenols to apple cell walls is controlled by the concentration of polyphenols 
at low concentration, and by the number of unoccupied binding sites on cell walls at higher 
polyphenol concentrations. The Langmuir model is reasonably applicable in all cases. Hydrogen 
bonding and hydrophobic interactions appear to be the major interactions between polyphenols and 
cell walls, with a major role for cellulose. With respect to charged phenolic molecules, ionic 
interactions between charged polyphenols and pectin was a secondary factor regulating the 
association between polyphenols and cell walls. ‘Granny Smith’ had a lower binding capacity 
compared with ‘Pink Lady’ and ‘Red Delicious’, probably due to the differences in polysaccharide 
composition, particularly pectic polysaccharides. The pectin binding capacities are related to many 
factors, including the ratios of linear HG and branched RG-I that determines not only the surface 
charges i.e. higher DE, more charges, but also conformational flexibility i.e. side chains, cell wall 
porosity. Following drying processes, the binding selectivity of the cell wall is more influenced by 
the physical state than the polysaccharide composition. Drying created a densely packed network 
and altered cellulose fibril structures that strongly limited polyphenol retention. Both apple varieties 
and food processing have consequences for the nutritional and biological properties of polyphenols 
and cell wall dietary fibers. 
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CHAPTER 6 IN VITRO DIGESTION OF APPLE TISSUE USING A 
DYNAMIC STOMACH MODEL: GRINDING AND CRUSHING EFFECTS 
ON POLYPHENOL BIOACCESSIBILITY 
Abstract 
The bioaccessibility of polyphenols from apple tissue during gastric digestion was assessed using a 
dynamic stomach model from bio-mechanical perspectives including the effect of gastric juice and 
mucin on apple tissue matrix under rolling extrusion as a model for stomach peristalsis. Two size 
ranges of apple tissue were prepared to mimic fine chewing and coarse chewing. Individual 
polyphenol bioaccessibility under gastric conditions was evaluated by UPLC. The results showed 
that the gastric model system was effective in releasing polyphenols due to simultaneous 
contractions and extrusions under the dynamic mixing conditions. Comparing apple particles after 
fine chewing with coarse chewing, grinding and crushing effects of stomach contractions was more 
effective in releasing polyphenols from larger than smaller particles. However, bioaccessibility of 
polyphenols was reduced by the presence of both cell walls and gastric mucin by binding and/or 
encapsulation. During gastric digestion, most phenolic molecules were gradually released and 
showed high stability in the gastric environment, except for procyanidin B2. Addition of gastric 
mucin to the model restricted the bioaccessibility of phenolic molecules, particularly flavan-3-ols. 
The study suggests that the bioaccessibility of polyphenols from apples in the upper digestive tract 
is dependent on diverse factors including mechanical disintegration and the presence of gastric 
mucin as well as the residual plant matrix. By having greater effects on larger ‘swallowed’ particles, 
it is suggested that gastric processing can even out the effects of variations in chewing and 
swallowing behaviour on nutrient bioaccessibility.   
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6.1 Introduction 
The nutritional and health benefits of polyphenols in protecting humans from the risk of chronic 
diseases have been extensively studied and are now well established from both epidemiological and 
intervention studies [1, 274]. To exert biological effects, polyphenol compounds must be absorbed 
from the gastrointestinal tract after food consumption and subsequently reach sufficiently high 
plasma concentrations in the systemic circulation. Therefore, polyphenol bioaccessibility, which 
involves the release of polyphenols from the food matrix during digestion, is of importance to 
understand potential beneficial effects on human health.  Food consumption that is rich in fruits and 
vegetables is highly recommended due to the abundant phytonutrients (e.g. polyphenols) and fibres. 
There is an emerging interest in understanding changes occurring during digestion such as 
mechanical action, enzymatic activities, and altered pH, which is crucial for the understanding of 
bioaccessibility and estimating consequent bioavailability and bioactivity [141, 203, 240].    
Digestion is a physiological process that permits the release of phytochemicals (e.g. polyphenols), 
micronutrients (e.g. vitamins and dietary minerals), and macronutrients (e.g. carbohydrates, proteins, 
lipids) from the food matrix, for subsequent absorption. As human/animal studies are not always 
feasible due to constraints such as time, cost, limited reproducibility and ethical concerns, in vitro 
gastrointestinal tract models have been developed to simulate digestion in one or more of the oral 
cavity, the stomach, the small intestine, and the large intestine. Although some in vitro approaches 
mimic gastric digestion using a static system e.g.  mixing food and gastric fluid using a shaking 
water bath [18, 275, 276], magnetic stirrer [277, 278], or inverting mixer [279], this oversimplifies 
the mixing patterns, and cannot reproduce the fluid mechanics and the mechanical forces that food 
encounters in the  GI tract [153]. In contrast, dynamic gastric models  such as TNO gastric model 
(TIM-1) [151], dynamic gastric model (DGM) [152], or human gastric simulator (HGS) [12]  can 
be more useful  as an in vitro biomechanical mimics.  Recently, a dynamic in vitro rat stomach 
(DIVRS) has been used to monitor the gastric and intestinal digestion of several food materials [147, 
154, 155, 280-282]. The DIVRS considers the effects of geometrical morphology and inner 
physiological structure of the stomach  on digestion [155]. 
Bioaccessibility is usually evaluated by in vitro digestion procedures [283]. A food bolus generated 
by in vivo or in vitro mastication is subjected to gastric digestion where physiological (mechanical) 
and physicochemical conditions lead to structural and chemical changes that release nutrients and 
increase the contact with gastric contents. When plant tissues are disrupted through mastication or 
subsequent gastric digestion, phytonutrients may be associated with cell wall dietary fibers leading 
to a modulation of their bioaccessibility. Plant cell walls have been identified as a critical factor in 
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influencing polyphenol bioaccessibility by providing both a physical barrier and a substrate for 
binding interactions [4, 175]. Moreover, the interaction of polyphenols with proteins and enzymes 
during digestion processes is known to limit polyphenol bioaccessibility, e.g. following the 
consumption of tea [175, 284, 285]. Digested plant food is continually exposed to secreted mucin-
containing saliva or gastric fluid which may also deplete the available polyphenol reserve due to the 
interactions of polyphenols with mucin [286]. Therefore, in addition to the effect of acid and 
enzyme conditions in gastric digestion, understanding of how secretion of mucin influence 
polyphenol release is also necessary for evaluating polyphenol bioaccessibility and bioavailability.     
In the present study, we use fresh apples which are a good source of polyphenols and fibres, and 
investigate the release and metabolism of polyphenols associated with cell walls during in vitro 
dynamic gastric digestion. The simulated gastric digestion environment including essential stomach 
morphology and digestion functions (mechanical and physicochemical effects) allows us to 
thoroughly investigate the digestive behaviours of apples as well as polyphenol bioaccessibility. As 
there are variations due to habitual chewing behaviour [19, 287] between the extents of disruption 
of foods like apple tissue at the point of swallowing, we also compare the effect of particle size 
(representing ‘coarse’ and ‘fine’ chewers) on simulated gastric processing.  Additionally, we report 
the effects of gastric mucin on polyphenol bioaccessibility, providing a new insight on how 
digestion processes affect phenolic compounds and their stability, as this, in turn, will affect their 
absorption and possible beneficial effects.  
6.2 Materials and methods 
6.2.1 Chemicals 
Chemicals used were all analytical or HPLC grade and were sourced from Sigma-Aldrich (Castle 
Hill, NSW, Australia) unless stated otherwise. Milli-Q water was used throughout. Simulated saliva 
was prepared by dissolving α-amylase (0.29 g/L), CaCl2 (0.022 g/L), NaHCO3 (2.1 g/L), NaCl 
(0.175 g/L), KCl (1.57 g/L), MgCl2 (0.019 g/L), NaH2PO4 (0.89 g/L) and urea (0.18 g/L) in 1 L 
deionized water with pH of 6.8 and kept at 37. Simulated gastric juice was prepared by dissolving 
pepsin (0.27 g/L), mucin (1.5 g/L), NaHCO3 (0.315 g/L) and NaCl (8.775 g/L) in 100 mL deionized 
water with pH of 2 adjusted using 1 M hydrochloric acid.  
6.2.2 Sample preparation 
Apples of the cultivar ‘Pink Lady’ were purchased from a local market (Brisbane, Australia) at the 
ready-to-eat stage. The food ingestion and oral digestion processes were simulated by blending 100 
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g of peeled apple cubes with 20 mL of simulated saliva and 2 g/L ascorbic acid for 10s at the 
maximum speed. The apple samples were separated into size fractions by wet sieving (0.5 mm, 1 
mm, 1.7 mm, 2.8 mm and 5.6 mm) on the sieve shaker. The fractions at the size range of 1 mm-
2.8mm and 2.8 mm-5.6mm were collected for in vitro stomach digestion. The size fraction selection 
was based on a previous mastication study of apples [288] where the median size of apple pieces for 
swallowing was 3.05 mm, and   less than 5% were below 1 mm size.  
6.2.3 Simulated in vitro DIVRSD digestion 
The in vitro stomach digestion was conducted in a Dynamic In Vitro Rat Stomach Duodenum 
(DIVRSD) model for determination of the extent of polyphenol release from apple tissue pieces 
with different particle sizes. The detailed working principle and methodology of the model has been 
published recently [281]. Briefly speaking, DIVRSD model is composed of simulation-based rat 
stomach on which peristaltic contractions is generated by an electric compression-rolling rig, a rat 
duodenum device, a secreting system which is made of three syringe pumps accounting for delivery 
of the gastric juice into the stomach, the pancreatic and bile juice into the duodenum, and a 
temperature-control box. Since the duodenum device is not suitable for apple digestion, only gastric 
digestion is assessed in this experiment. The apple samples prepared as described above were 
immediately transferred into the stomach region of the DIVRSD model with a controlled gastric 
juice secretion rate of 25 µL/min. 0.6 mL of artificial gastric juice was injected into the stomach 
device before food loading to mimic the fasting state. 1.5 g of the apple samples was digested in 
separate batches for 10min, 20min, 30min, 40min, and 60min. After the designated digestion time, 
the DIVRSD system was stopped and all of the remaining gastric digesta were collected to 
determine the total polyphenols immediately. The stomach model system was maintained at 37 
with compression-rolling extrusion creating 3 contractions per minute in the stomach and the 
amplitude of the angled plate was set at 2.6mm, equivalent to a force of ca. 3.5 N in each chamber 
[281]. 
To test effects of mucin, the separated apple samples were mixed with mucin solution (20 mg/mL in 
simulated gastric juice) and loaded into the stomach pre-filled with 0.6 mL gastric juice. The 
subsequent digestion process followed the same procedures described above. Samples with the 
same digestion juice with and without mucin in the other silica stomach sealed for prevention from 
oxidation but meanwhile under static conditions were used as a control. To test effects of DIVRSD 
model, samples in two sizes with the same digestion juice were sealed in the other silica stomach 
and subjected to the same digestion environment under static conditions. 
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6.2.4 Total polyphenol analysis 
The total gastric digesta was extracted with 12 mL of Milli-Q water on a rocking shaker (MS-NRK-
30, MS, USA) for 30 min, followed by sonication (water-bath cleaning sonicator, Unisonics, 
Australia) at 65 for 2 h. The extract was centrifuged at 12000 g for 15 min. The supernatant was 
assayed for total polyphenols according to the procedure of Lester et al. [289].  0.1% Fast Blue BB 
(FBBB: 4benzylamino-2,5-dimethoxybenzenediazonium chloride hemi (-zinc chloride) salt) was 
prepared with the assistance of sonication. 200 µL of extracted sample, gallic acid standard or Milli-
Q water (blank) was added to wells in a 96-well flat bottom microplate (Thermo Fisher Scientific, 
Denmark), followed by 20 µL of 0.1% FBBB, mixed for 30 s, followed by 10 µL of 5% NaOH, 
mixed, and the resulting mixture allowed to incubate for 90 min at room temperature. Absorbance 
was measured at 420 nm. Gallic acid standards (0, 10, 15, 25, 50, 75 and 100 µg/mL) were analysed 
in triplicate on each microplate along with the samples in triplicate. Calculation of the total 
polyphenols was made from gallic acid standard curves. 
6.2.5 Chemical extraction 
Polyphenols were extracted from apple puree and gastric digesta using a method modified from 
Padayachee et al [7]. 1.5 g of apple samples was incubated with 10 mL of methanol-formic acid-
MilliQ water (80:1:19; v/v/v) and filled with nitrogen to prevent possible degradation of 
polyphenols. Samples were then shaken constantly at 30 rpm (MS-NRK-30, MS, USA) for 30 min. 
For the measurement of total polyphenols in the apple samples, additional ultrasound extraction for 
90 min was used for further extraction. The mixture was then centrifuged at 5000 g at 4 for 
15min. The supernatant was collected and the solvent was then removed using a centrifugal vacuum 
concentrator (miVac, SP Scientific, UK) at 40to a final volume of 1 mL. The remaining phenolic 
concentrate was dissolved in 1 mL of 1% formic acid methanol solution and diluted to a final 
volume of 2 mL. The mixture was filtered through a 0.2 µm polycarbonate filter (Nuclepore), and 
the supernatant was then stored for up to 1 week at -20 until UPLC analysis. 
6.2.6 Polyphenol identification using UPLC 
Quantification of polyphenols was done using a Waters Acquity UPLC-PDA system (Waters, 
Rydalmere, NSW, Australia) equipped with a photodiode array detector. For separation, a Grace 
UPLC® T3 C18 column (100 × 2 mm, 1.5-µm particle size) with a flow rate of 0.6 mL/min at 60 
was used. The eluents were 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B) 
and the gradient was as follows: 0min, 5% A; 1min, 95% A; 12min, 20% A; 12.5min, 20% A; 
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12.7min, 80% A; 13.5min, 80% A; 15min, 95% A; 16.5min, 95% A. The injection volume was 10 
µL. Polyphenols were identified according to the retention time of standards and their respective 
absorption spectra. Linear calibration curves were prepared with external standards for each 
compound, ranging from 0.005 to 0.5 mg/mL.  
6.2.7 Observation of cell walls 
Sections were cut with razor blades from the center of the treated apple cubes, and washed in Milli-
Q water to remove cell contents from cut cells at the surface before any staining procedures. 
Compression tests were done on cylindrical specimens cut out from the center of apple cubes by a 
cork borer. Cylindrical specimens of apple flesh 10 mm in diameter and 20 mm high were 
compressed between angled plates (Fig 6.1) of the DIVRSD model. Shearing tests were done on the 
identical cylindrical specimens between eccentric wheels (Fig 6.1) of the DIVRSD model. Top 
surfaces of pressed samples were cut with razor blades and washed in Milli-Q water for staining. 
For cell wall staining, Calcofluor White M2R (Sigma-Adlrich, Australia) was applied. Sections 
were stained in 0.1% (w/v) Calcofluor White M2R in distilled water for 5 min. The stained sections 
were washed in Milli-Q water to remove excess stain and mounted on slides for observation. 
Apple tissues were assessed using a confocal laser scanning microscope (LSM 700, Carl Zeiss, 
Germany). Observation was at room temperature using a 10× objective and excitation was achieved 
with the use of a 405 nm Argon laser. Scanning emission between 420nm and 550nm was used. 
 
Fig 6. 1 Illustration of the dynamic in vitro rat stomach-duodenum (DIVRSD) model. (1) soft-
elastic silicon rat stomach model; (2) angled plate; (3) eccentric wheel; (4) driving shaft; (5) stepper 
motor; (6) bevel gear; (7) belt; (8) silicon rat duodenum model; (9) pulley system; (10) frequency 
controller; (11) tube for collection of duodenal digesta; (12) syringe pump; (13) temperature-
controlled box (adapted from Wu et al. [281]) 
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6.2.8 Mucin-polyphenol interactions 
Polyphenols were extracted from apples as above to give a working concentration of 108.2 µg/mL. 
5mM individual polyphenol stock solutions were prepared by dissolving respective phenolic 
compounds in water. 20 mg/mL of mucin solution was prepared by dissolving mucin in gastric 
juice (as described in 6.2.1). Individual phenolic solutions were added into 1.5 mL of mucin 
solution to make a final phenolic concentration of 110.9 µg/mL of gallic acid, 111.6 µg/mL of 
epicatechin, 112.5 µg/mL of phloridzin and 110.7 µg/mL of chlorogenic acid. The mixture was 
incubated on a shaker for 2h at room temperature and then centrifuged at 12000 g for 10 min. The 
supernatant was collected and measured by UV absorbance (OD) at 280 nm.  
6.2.9 Statistical analysis 
Data was analysed using Minitab 16 for Windows (Minitab Inc., USA). The differences in 
polyphenol bioaccessibility under different conditions such as digestion time, particle size, mucin 
were analysed using one-way analysis of variation (ANOVA). A p value of 0.05 or less was used to 
determine significant differences amongst the samples. The results of concentrations of phenolic 
compounds are expressed as mean and standard deviation, n=3.  
6.3 Results 
6.3.1 Food disintegration determines polyphenol bioaccessibility during simulated gastric digestion 
The simulated chewed particles of apples with different particle sizes (1.0-2.8 mm and 2.8-5.6 mm) 
were loaded into the stomach model with 0.6 mL gastric juice, and grinding and/or crushing effects 
of stomach peristalsis were introduced. Total polyphenols partitioning from apple tissues into the 
gastric phase during simulated gastric digestion are shown in Fig 6.2. Polyphenol release was 
significantly increased from ~66% to ~79% in small particles (1.0mm-2.8mm) and from ~51% to 
~84% in large particles (2.8mm-5.6mm) under dynamic gastric digestion for 60 min. There was no 
significant difference in polyphenol release from either small or large apple particles under static 
(control) conditions, showing that all of the observed effects were due to mechanical forces. The 
leaching of free polyphenols at the start of the simulated gastric phase was affected by particle size 
produced by artificial mastication, as the release of polyphenols due to mechanical treatment was 
higher in smaller than larger particles, presumably reflecting the greater specific surface area. The 
marked increase of polyphenol release started after 20 min digestion processing and continued until 
an apparent plateau after 45 min in both samples. The increase of polyphenol bioaccessibility 
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induced by gastric digestion i.e. grinding or crushing effects was clearly much greater for large 
particle size samples.      
 
Fig 6. 2 Total polyphenol release from apple matrix with the particle size range of 1.0 mm-2.8 mm 
and 2.8 mm - 5.6 mm in dynamic gastric digestion model. Control samples are incubated in gastric 
juice under static conditions. *indicates significant differences at p < 0.05, ** indicates significant 
differences at p < 0.01. 
6.3.2 Mucin decreases polyphenol release 
The impact of mucin involvement in gastric digestion on polyphenol bioaccessibility is shown in 
Fig 6.3. In general, mucin decreased the bioaccessibility of polyphenols in both size samples, and 
for both control and processed samples compared with Fig 6.2. However, in the presence of mucin, 
the release of polyphenols from smaller particles was consistently reduced, while in large particles, 
the release showed a similar pattern as that in the absence of mucin (Fig 6.2) but at a lower level. It 
is interesting that there was a similar release from 1.0mm-2.8mm particles after digesting for 10min 
in the presence (Fig 6.3) and absence (Fig 6.2) of mucin, probably due to an inefficient mucin 
mixing process.  
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Fig 6. 3 Total polyphenol release from apple matrix with the particle size range of 1.0 mm - 2.8 mm 
and 2.8 mm - 5.6 mm at the presence of mucin in dynamic gastric digestion model. Control samples 
are incubated in gastric juice with mucin at the same concentration as samples under static 
conditions. * indicates significant differences at p < 0.05, ** indicates differences at p < 0.01 
 
6.3.3 Binding of polyphenols to mucin and cell walls 
The decreased release of polyphenol in the presence of mucin and incomplete release (maximum of 
~80%) after gastric digestion indicated that polyphenols may be bound to cell walls and mucin. 
Consistent with this suggestion, individual polyphenols were found to selectively bind to mucin 
(Table 6.1). A similar reduction of total black tea polyphenols has been reported when consumed 
together with milk, due to either covalent or non-covalent interaction between phenolics and 
proteins [175]. Moreover, apples contain a substantial amount of dietary fibre from cell walls which 
can be shown to directly bind with polyphenols by confocal microscopy (Fig 6.4). It has been 
suggested that fibres entrap and restrict the bioaccessibility of polyphenols when comparing 
consumption of juice and whole fruits [290].  
Table 6. 1 Binding selectivity of polyphenols to mucin 
 Polyphenol 
extract Gallic acid Epicatechin Phloridzin 
Chlorogenic 
acid 
Concentration (µg/mL) 108.2 110.9 111.6 112.5 110.7 
% Binding with mucin 18.5 37 17 15 13 
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Fig 6. 4 Confocal images illustrating the interactions between apple cell walls (CW) and 
polyphenols. Blue represents epicatechin (EPI), green represents chlorogenic aicd (CA) and orange 
represents phloridzin (PH) 
6.3.4 Apple tissue microstructure before and after in vitro digestion 
To determine the effects of simulated stomach mechanical action on apple tissues and the 
relationship between microstructure and polyphenol partitioning, apple tissue before and after 
simulated gastric digestion was examined by microscopy. Apple tissue has a well-organized 
structure consisting of cells and intercellular spaces (Fig 6.5A and 6.5B). The parenchyma cells are 
loosely arranged in a net-like pattern. Fresh hand-cut apple tissues show clear regular smooth cell 
walls, with air trapped (arrows in Fig 6.5B) between adjacent cells which were absent in digested 
apple dispersions. Gastric processing caused disruption of cell walls in the surface layers of cells 
that resulted in spreading of cell wall components into adjacent areas, thus smeared staining was 
observed. However, for deeper layers of cells, the cell walls were apparently intact and strong cell-
cell adhesion persisted.  
To represent the two main physical forces imparted in the gastric simulation, controlled mechanical 
treatments of pressing (crushing) and shearing were applied to apple tissue as detailed in section 
6.2.7. When pressing was applied (Fig 6.5EF), a closer particle packing in the vertical direction 
occurred with a slight degree of dewatering and cell walls apparently remained intact apart from 
distortion, the only broken cell walls observed were at the edge. The effects of pressing are 
macroscopically obvious including shape and size distortion and loss of intercellular spaces. The 
cell walls buckled or collapsed under the stresses set up by the applied pressure. Shear force 
generated two-dimensional forces i.e. transverse tensional stress and longitudinal compressional 
stress which caused crack generation in apple samples. The tensional stress apparently pulled the 
tissue apart. Therefore, shear forces caused the formation of many cavities where cell walls were 
broken. Large irregular cavities and broken cell walls are clearly seen in micrographs (Fig 6.5I). 
The tensional stresses are apparently greater than the compressional ones, as brittle damage or 
fracturing occurs rather than compression. There are however still many intact cells escaping the 
CW CW+EPI CW+CA CW+PH 
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rupture (arrows in Fig 6.5K). Comparing micrographs of gastric digestion with separate 
compression and shear testing, it appears that stomach processing exerted both grinding and 
crushing forces that disrupted surface cells and compacted the centre of the tissues.     
 
Fig 6. 5 Microstructure of apple tissues before (AB) and after digestion (CD). Crushing (EF) and 
shearing (IJ) forces are applied on apple tissues to mimic the stomach peristalsis and compare with 
digested tissue from central (GH) and broken areas (KL) 
6.3.5 Digestive fate of major polyphenols 
Tables 6.2 & 6.3 shows major soluble polyphenols in apples detected in simulated gastric digesta.  
Chlorogenic acid was the most abundant polyphenol released from apple matrices, followed by 
epicatechin, catechin and procyanidin B2. Considering phenolic classes, flavan-3-ols are the major 
group, followed by hydroxycinnamic acids, flavonols and dihydrochalcones. In general, the amount 
of released polyphenols increased with time of the digestion process, except for procyanidin B2 and 
quercetin 3-O-galactoside. This increased release was most pronounced when comparing digested 
samples with control one. Consistent increases in concentration indicated that hydroxycinnamic 
acid, monomeric flavan-3-ols i.e. catechin and epicatechin, flavonols and dihydrochalcones are 
stable under gastric conditions. In contrast, procyanidin B2 was greatly degraded (10%-87% loss) 
Digested(apple Fresh&apple 
Apple%tissue%after%crushing Digested(apple(center 
Digested(apple(disrupted(areas Apple%tissue%after%shearing 
A B C D 
E F G H 
I J K L 
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but less degraded in the control group without mechanical processing (4%-49% loss) over 60min; 
degradation was probably due to the acidic effects of gastric juice. Slower decomposition of 
procyanidin B2 and even a slight increase was observed in the presence of mucin. Furthermore, 
10%-35% of bioaccessible quercetin 3-O-galactoside was lost after gastric digestion. No quercetin 
could be measured following gastric digestion, suggesting no de-glycosylation during digestion. 
Unlike procyanidin B2, mucin exerted only minor effects on the loss. Interestingly, p-coumaric acid 
was only detectable after 30min of digestion and even later from control samples.  
Among the phenolic compounds, epicatechin showed the highest release extent (99.8%) at the 
beginning of digestion, indicating essentially complete bioaccessibility. Amounts of released rutin 
at the end of gastric digestion were higher than initial concentrations determined as total 
polyphenols in samples (0.178 cf 0.145%), indicating incomplete release during the total 
polyphenol methodology, suggesting that additional extraction by acids or destructive forces may 
be needed for complete detection. Other polyphenols were released to a high extent (70%-80%), 
with the exception of phloridzin and quercetin 3-O-rhamnoside (below 70%). At the end of gastric 
digestion, catechin and epicatechin were the most abundant polyphenols in the digest liquid phase. 
However, the release of epicatechin and catechin was significantly reduced in mucin-apple mixtures. 
The binding/entrapment effects of mucin were not profound for hydroxycinnamic acids i.e. 
chlorogenic acid, dihydrochalcones i.e. phloridzin or flavonols i.e. quercetin 3-O-galactoside, 
quercetin 3-O-rhamnoside and rutin. However, there was little correlation between particle size and 
the release level of individual polyphenol. 
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Table 6. 2 Concentration of phenolic compounds released during in vitro gastric digestion of 1.0 mm - 2.8 mm apple particles 
Phenolic compound 
Concentration (mg/100mg) 
1.0mm - 2.8mm particles digestion 1.0mm -2.8mm particles digestion with mucin 
Sample 10min digestion 
10min 
control 
30min 
digestion 
30min 
control 
60min 
digestion 
60min 
control 
 10min 
digestion 
10min 
control 
30min 
digestion 
30min 
control 
60min 
digestion 
60min 
control 
Phenolic acids               
Hydroxycinnamic acids               
chlorogenic acid 8.11 ± 0.14 6.02 ± 0.05 5.96 ± 0.18 6.10 ± 0.02 5.98 ± 0.08 6.25 ± 0.01 5.89 ± 0.35  5.86 ± 0.06 5.23 ± 0.06 6.06 ± 0.15 5.38 ± 0.23 6.97 ± 0.22 5.41 ± 0.30 
p-coumaric ND ND ND 0.018 ± 
0.0007 
ND 0.057 ± 
0.008 
0.056 ± 
0.006 
 ND ND 0.046 ±  
0.018 
ND 0.046 ± 
0.03 
ND 
Flavonoids               
Flavan-3-ols               
catechin 4.59 ± 0.15 3.38 ± 0.21 2.37 ± 0.06 3.59 ± 0.12 2.14 ± 0.18 4.42 ± 0.32 2.09 ± 0.22  0.83 ± 0.04 2.08 ± 0.15 0.95 ± 
0.005 
2.09 ± 0.14 1.27 ± 0.07 2.11 ± 0.21 
epicatechin 4.46 ± 0.17 4.45 ± 0.04 2.10 ± 0.03 4.53 ± 0.04 1.58 ± 0.01 4.37 ± 0.01 2.52 ± 0.19  3.31 ± 0.03 2.63 ± 0.04 3.20 ± 0.03 2.19 ± 0.13 3.68 ± 0.12 2.15 ± 0.11 
procyanidin B2 2.41 ± 0.41 1.89 ± 0.12 0.73 ± 0.02 1.77 ± 1.23 0.72 ± 0.03 0.73 ± 0.01 0.70 ± 0.03  1.36 ± 0.13 0.88 ± 0.09 1.28 ± 0.01 0.87 ± 0.14 1.22 ± 
0.001 
0.95 ± 0.23 
Flavonols               
quercetin ND ND ND ND ND ND ND  ND ND ND ND ND ND 
quercetin-3-O-galactoside 0.59 ± 
0.003 
0.48 ± 0.01 0.42 ± 0.02 0.43 ± 
0.006 
0.42 ± 0.01 0.43 ± 
0.004 
0.42 ± 0.02  0.47 ± 0.01 0.46 ± 0.01 0.33 ± 0.01 0.48 ± 0.02 0.32 ± 
0.003 
0.47 ± 
0.007 
quercetin-3-O-rhamnoside  0.38 ± 0.02 0.25 ± 0.05 0.12 ± 0.02 0.26 ± 0.02 0.14 ± 0.02 0.30 ± 0.09 0.14 ± 
0.004 
 0.25 ± 0.05 0.11 ± 0.04 0.25 ± 0.06 0.14 ± 
0.003 
0.27 ± 0.04 0.14 ± 0.01 
rutin 0.145 ± 
0.006 
0.137 ± 
0.01 
0.030 ± 
0.007 
0.151 ± 
0.004 
0.047 ± 
0.007  
0.178 ± 
0.04 
0.046 ± 
0.002 
 0.058 ± 
0.006 
0.060 ± 
0.003 
0.159 ± 
0.009 
0.053 ± 
0.02 
0.151 ± 
0.007 
0.055 ± 
0.01 
Dihydrochalcones               
phloridzin 0.37 ± 0.02 0.25 ± 
0.003 
0.13 ± 
0.005 
0.26 ± 
0.005 
0.19 ± 
0.001 
0.28 ± 
0.007 
0.19 ± 0.01  0.26 ± 
0.008 
0.13 ± 0.09 0.28 ± 0.01 0.14 ± 0.01 0.30 ± 0.02 0.15 ± 
0.005 
ND indicates not detectable 
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Table 6. 3 Concentration of phenolic compounds released during in vitro gastric digestion of 2.8 mm - 5.6 mm apple particles 
Phenolic compound Concentration (mg/100mg) 
2.8 mm - 5.6 mm particles digestion 2.8 mm – 5.6 mm particles digestion with mucin 
Sample 10 min 
digestion 
10 min 
control 
30 min 
digestion 
30 min 
control 
60 min 
digestion 
60 min 
control 
 10 min 
digestion 
10 min 
control 
30 min 
digestion 
30 min 
control 
60 min 
digestion 
60 min 
control 
Phenolic acids               
Hydroxycinnamic acids               
chlorogenic acid 8.11 ± 0.14 5.92 ± 0.09 5.88 ± 0.05 6.00 ± 0.05 5.84 ± 0.11 6.89 ± 0.11 5.77 ± 0.07  6.33 ± 0.05 5.25 ± 0.17 6.67 ± 0.32 5.56 ± 0.23 6.77 ± 0.16 5.74 ± 0.19 
p-coumaric ND ND ND 0.018 ± 
0.0002 
ND 0.065 ± 
0.008 
0.055 ± 
0.008 
 ND ND 0.035 ± 
0.019 
0.056 ± 
0.0007 
0.063 ± 
0.004 
0.043 ± 
0.002 
Flavonoids               
Flavan-3-ols               
catechin 4.59 ± 0.15 4.02 ± 0.06 2.33 ± 
0.004 
4.10 ± 0.09 2.29 ± 0.14 4.18 ± 0.09 2.29 ± 0.12  2.32 ± 0.18 2.34 ± 0.14 2.37 ± 0.11 2.32 ± 0.60 2.42 ± 0.20 2.33 ± 0.18 
epicatechin 4.46 ± 0.17 3.11 ± 0.27 1.76 ± 0.02 3.78 ± 0.01  1.76 ± 
0.06  
3.67 ± 0.19 1.73 ± 0.07  2.04 ± 0.08 2.38 ± 0.05 2.19 ± 0.10 2.42 ± 0.08 2.47 ± 0.28 2.89 ± 0.06 
procyanidin B2 2.41 ± 0.41 1.13 ± 0.22 1.79 ± 0.07 0.77 ± 0.15 1.11 ± 0.13 0.45 ± 
0.004 
0.90 ± 0.06  1.53 ± 0.33 0.71 ± 0.05 1.15 ± 0.37 0.70 ± 0.04 0.20 ± 0.00 0.69 ± 0.00 
Flavonols               
quercetin ND ND ND ND ND ND ND  ND ND ND ND ND ND 
quercetin-3-O-galactoside 0.59 ± 
0.003 
0.49 ± 0.01 0.45 ± 0.04 0.32 ± 0.01 0.44 ± 0.01 0.32 ± 
0.004 
0.43 ± 0.02  0.44 ± 0.01 0.44 ± 0.01 0.32 ± 
0.004 
0.43 ± 0.01 0.32 ± 
0.003 
0.42 ± 0.01 
quercetin-3-O-rhamnoside  0.38 ± 0.02 0.21 ± 0.01 0.19 ± 
0.001 
0.38 ± 0.04 0.21 ± 0.02 0.45 ± 0.02 0.20 ± 0.01  0.24 ± 0.02 0.26 ± 0.06 0.38 ± 0.03 0.26 ± 0.04 0.38 ± 0.03 0.26 ± 0.05 
rutin 0.145 ± 
0.006 
0.145 ± 
0.015 
0.071 ± 
0.012 
0.168 ± 
0.007 
0.077 ± 
0.006 
0.182 ± 
0.009 
0.072 ± 
0.004 
 0.080 ± 
0.022 
0.074 ± 
0.006 
0.139 ± 
0.005 
0.073 ± 
0.003 
0.182 ± 
0.016 
0.072 ± 
0.011 
Dihydrochalcones               
phloridzin 0.37 ± 0.02 0.28 ± 0.03 0.18 ± 0.01 0.30 ± 0.02 0.19 ± 0.02 0.32 ± 0.03 0.20 ± 0.01  0.21 ± 0.04 0.16 ± 0.02 0.26 ± 0.01 0.15 ± 
0.004 
0.29 ± 0.01 0.15 ± 0.05 
ND indicates not detectable 
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6.4 Discussion 
This study investigated the release of apple polyphenols as well as the fate of individual 
polyphenols using a dynamic in vitro gastric digestion model that simulates the complex 
physicochemical and physiological events that occur in the GI tract as well as the ‘near-real’ 
geometrical morphology and inner physiological structure of the stomach.  
6.4.1 Mechanical disruption is the key to polyphenol release 
A significant increase in polyphenol release was observed from mechanically digested samples, 
whereas the release did not increase throughout digestion when incubated with the same gastric 
juice under static conditions (Fig 6.2). This result shows that grinding and rubbing effects between 
food particulates in the stomach could greatly increase the release of polyphenols either by 
disrupting the cells or transferring fluids through squeezing effects. The relatively stable release of 
polyphenols in the control group suggests that gastric juice conditions such as low pH do not exert 
effects on food disintegration sufficient to cause polyphenol release, although pH may affect 
polyphenol stability of e.g. procyanidin B2 (Table 6.2 & 6.3).  
Previous studies have shown that, in addition to hydrodynamic flow, the mechanical destructive 
force resulting from antral contractions is important in disintegrating food in the stomach [291]. 
Therefore, we propose that dynamic digestion models provide more accurate and reliable 
information on polyphenol bioaccessibility during gastric digestion compared with the common 
static two-phase in vitro digestion model. The mashed apple samples are polydisperse with a wide 
range of particle sizes from 5.6 mm to 500 µm with even smaller particle sizes expected to be 
obtained after digestion. Even though particle size had been significantly reduced, the fact that 
many cells remained intact appears to have a significant inhibitory effect on polyphenol release, 
judging from the lower polyphenol release before digestion compared with digested samples and 
the fact that differences were more obvious in larger particle size samples (Fig 6.5). Cell wall 
barriers have been reported to play an important role in regulating polyphenol bioaccessibility either 
by encapsulating or binding [175, 292], which is also confirmed by confocal microscopy in this 
study (Fig 6.4). The higher initial release of polyphenols (Fig 6.2) from small particles (1.0 mm-2.8 
mm) also highlights the importance of the simulated chewing behaviour and mechanics in 
determining polyphenol release during oral and gastric digestion. The degree of cellular intactness 
could be indicative of polyphenol bioaccessibility, as cell breakage is likely to be a major 
requirement for polyphenol bioaccessibility [159]. Therefore, chewing/swallowing habit and food 
texture/size should be considered in the assessment of polyphenol bioaccessibility during 
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gastrointestinal digestion. However, one of the key findings from this study is that the level of 
polyphenol release after 45-60 mins gastric digestion (often considered a typical gastric residence 
time) is similar for larger and smaller particles (Fig 6.2), suggesting that mechanical forces in the 
stomach can equalise effects of different chewing behaviours as far as polyphenol release is 
concerned. 
Late season apples such as the ‘Pink Lady’ cultivar used here, where cell adhesion is strong due to 
the late breakdown of pectin in the strong intercellular lamellae and cracking occurs by cell rupture, 
requires greater force and energy for mechanical damage [268]. It has been reported that ‘Pink Lady’ 
is a hard and crisp apple cultivar that might break down slowly when chewed (fracture strength is 
high) [264]. By using the DIVRSD system, not only the vertical compression in the  fore-stomach 
by the compression plate, but also shearing and grinding forces by rolling extrusion [155] are 
generated for breaking down large particles and achieving better mixing efficiency between apple 
particles and gastric juice. Efficient grinding and mixing may cause the release of some strongly 
bound phenolic molecules such as p-coumaric acid. Different ‘breaking’ mechanisms provide 
insights into the digestive behaviours of apple particles with different particles sizes. The efficacy 
of peristaltic contractions on polyphenol release was more pronounced on large particles (Fig 6.2) 
where a distinctive difference was observed between control and digested samples. In reality, liquid 
and small particles (<1 mm to 2 mm) could pass from the stomach through the pyloric opening into 
the duodenum, while the undigested particles greater in size are squirted back into the stomach, by 
an action called retropulsion [291]. Large particles will go through longer and more severe 
destructive digestion which this study suggests would cause more polyphenols to be released from 
increased surface areas of the particles.  
6.4.2 Mucin interactions can modulate polyphenol release 
Another factor in gastric digestion that needs to be considered is the adhesive mucus layer which is 
secreted from the surface epithelial cells and functions as a protective barrier. Mucus is considered 
as the first barrier with which nutrients must interact and diffuse through before absorption [293]. 
Mucus is composed of approximately 95% water, 3% mucin which is a high molecular mass 
glycoprotein, and 2% other small molecules. Gastric mucin is most likely responsible for the 
protective ability of gastric mucus [294] due to its interfacial behaviour e.g. adhesion capacity, 
viscoelasticity and polyelectrolyte properties. In this study, mucin was added to the gastric digestion 
system to study effects on polyphenol bioaccessibility. In the presence of mucin, a significant 
decrease in polyphenol release was observed for both small and large particles (Fig 6.3). Three 
possible mechanisms are proposed:  
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1) Mucin, a glycoprotein, has high binding affinity for polyphenols as soon as they contact with 
each other. This could account for the sharp decrease of polyphenol release in small particles (Fig 
6.3), as the initially released polyphenols are associated with mucin and not bioaccessible. 
Adsorption experiments also confirmed that polyphenols selectively bind to mucin (Table 6.1). Tea 
polyphenols showed a strong binding with mucin via hydrogen bonds with exposed amino acids at 
the hydrophobic head of mucin [284, 295];  
2) Mucin exerts a masking effect that effectively encapsulates polyphenols. Mucin has been 
reported to interact with bioadhesive polymers such as pectin which is the major polysaccharide in 
apples through hydrogen bonding and ionic interactions [296, 297]. Therefore, mucin coated at the 
surface of tissues could prevent the mixing of intracellular components i.e. polyphenols and the 
extracellular environment i.e. acids, enzymes;  
3) Mucin increases the viscosity of the digesta matrix due to its aggregation/gelation under gastric 
conditions, and reduces the digestion rate. In vivo, gastric mucin exhibits a tendency to aggregate 
and form gels that are responsible for preventing the stomach from being digested by acidic gastric 
juice. Commercial gastric mucin also shows gelation properties dependent on concentration and pH 
i.e. above 10 mg/mL at pH below 4 [298]. Thus gastric mucin used in this study was 20 mg/mL 
based on a previous study which showed this concentration to reduce biochemical reaction rates by 
increasing digesta viscosity leading to low flow and mixing efficiency [281]; the same effect could 
account for a decline in polyphenol bioaccessibility in the presence of mucin (Fig 6.3).  
The action of rolling extrusion generates grinding forces and better mixing efficiency between the 
particles and the gastric juice that continuously releases polyphenols compared with control in the 
absence of mucin (Fig 6.2) and for large particles in the presence of mucin (Fig 6.3). It is possible 
that the differences in polyphenol release pattern in small and large particles (Fig 6.3) is probably 
due to more fresh surface area being created from mechanical action on large particles that released 
more polyphenols from non mucin-coated surfaces. Consequently, in large particle size samples, a 
decrease in proportion of mucin on particle surface offset the effects of high mixing efficiency, thus 
resulting in an increase of polyphenol release. The increased concentration of polyphenols could in 
turn cause mucin aggregation [284] that reduces the effect of binding. Thus the effect of mucin in 
the release of polyphenol is due to several factors, the viscosity effect, the binding effect, and the 
mixing effect. These factors likely interplay with each other and codetermine the retention of food 
in the stomach which exerts an impact on nutrient release and delivery.  
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6.4.3 Polyphenol stability and differential release 
The four polyphenol classes which predominate in apples are the flavan-3-ols e.g. catechin, 
epitechin, procyanidins, phenolic acids e.g. chlorogenic acid, dihydrochalcones e.g. phloridzin and 
flavonols e.g. quercetin glycosides.  Phenolic compound characterization in whole apple fruit is 
well established, but their fate during transformation in processed food and digestion is not well 
understood and needs to be improved in order to better clarify the losses of these compounds and 
suitable strategies for their optimal absorption. Thereore this study monitored individual 
polyphenols to understand the effects of a ‘near real’ gastric digestion environment on their stability 
and bioaccessibility.  
Most polyphenol molecules were released and stable in the gastric environment, except for 
procyanidin B2. Small polyphenols e.g. phenolic acids that are not tightly attached to the food 
matrix become available for absorption in the stomach and can escape the GI passage since they are 
readily absorbed by gastric cells [299, 300]. Chlorogenic acids refer to a related family of esters of 
hydroxycinnamic acids (caffeic acid, ferulic acid and p-coumaric acid) with quinic acid, and minor 
hydrolysis has been reported to occur in the stomach [299]. This probably explains the increase of 
p-coumaric acid after long time digestion (Tables 6.2 and 6.3) as a product of chlorogenic acid 
hydrolysis by gastric juice. Hydroxycinnamic acids e.g. p-coumaric can also be covalently linked to 
cell wall polysaccharides [37], that may be another source of  released p-coumaric acid. Buchanan 
et al. showed p-coumaric acid was released from the (spinach) cell wall in an in vivo study [301]. 
Flavonoids e.g. catechin, epicatchin are very common as free monomers and were readily released 
from apple tissue during simulated gastric digestion. Some of the simple phenols and flavonoids can 
be linked to cell wall polysaccharides via ester linkages or hydrogen bonds, which can be 
solubilized in alkaline conditions or are otherwise retained in the fiber matrix [37]. Procyanidin B2 
was degraded over time, in agreement with previous reports that procyanidin dimers (B2 and B5) 
might be rapidly decomposed to epicatechin in the upper part of the digestive tract [302, 303], 
whereas degradation was reduced by the presence of mucin, probably due to masking or binding 
effects. As flavan-3-ols have high binding affinity to mucin (Table 6.1), the release of flavan-3-ols 
was greatly inhibited while inhibitory effects were not obvious for phenolic acids and flavonols 
(Tables 6.2 and 6.3).  
The flavonols exist in nature almost exclusively as β-glycosides, not the aglycone e.g. quercetin 
[45]. Flavonoid glycosides can be released by processes involving autolysis which did not occur 
during gastric digestion as there was no detection of quercetin, indicating that the flavonoid 
glycosides were stable in the gastric environment.  
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Hydrolysis or degradation of phenolic compounds is also likely to be influenced by the food matrix 
in which they are contained. If in a solubilised form, they will obviously have greater access to 
enzymes than if contained in a solid form requiring extensive chewing. Therefore, an effective 
mechanical processing including mastication and gastric peristalsis is crucial for nutrient release 
and absorption. The released free simple phenolic compounds such as flavonoids or phenolic acid 
can be directly absorbed through small intestine mucosa [299]. Partial absorption of flavonols 
present as aglycones can take place in the stomach, in contrast to their glycosidic forms that are not 
absorbed [302]. More released/bound polyphenols need further digestion and metabolism in the 
small intestine [4, 276] or otherwise are utilised by bacteria in the large intestine. It is not clear 
whether enhanced or restricted bioaccessibility is more desirable from a nutritional perspective. 
Enhanced bioaccessibility will make nutrients more readily available for uptake in the small 
intestine, whereas reduced bioaccessibility will make it more likely that nutrients are transported to 
the colon and are not released until the plant cell walls are degraded by fermentation. In this case, 
bioactive polyphenols activated by bacterial metabolism may benefit the large intestine and be a 
marker of a healthy diet. 
6.5 Conclusions 
We demonstrated the use of an in-vitro dynamic gastric model for assessing the bioaccessibility of 
polyphenols from apple. The initial release of polyphenols was dependent on particle sizes from 
simulated oral digestion, with small particles showing greater release. A combination of grinding 
and rubbing effects between particles in the stomach model greatly increased the release of 
polyphenols, particularly from initially large particles. This resulted in similar total polyphenol 
release after 60 mins gastric processing for small and large particles. Most phenolic molecules were 
stable in the gastric environment except for procyanidin B2. However, the presence of mucin and 
cell walls offset the increased release of polyphenols by either binding or encapsulating. The effects 
of mucin were more pronounced on flavan-3-ols and significantly reduced release of catechin and 
epicatechin, as well as protecting procyanidin B2 from degradation. These factors interplay with 
each other and are predicted to codetermine the retention of food in the stomach and exert an impact 
on polyphenol release and delivery. 
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CHAPTER 7 GENERAL CONCLUSIONS AND FUTURE DIRECTIONS 
The nutritional and health benefits of polyphenols and dietary fibres have been the focal point of 
much scientific investigations due to their relation with the prevention of chronic and degenerative 
diseases. The nutritional effects of polyphenols depend not only on the amount consumed but also 
on their bioaccessibity. By directly locating major phenolic compounds within cells, effects of the 
loss of cell integrity in plant tissue by chewing or processing on polyphenol release and consequent 
contacts with the cell wall matrix can be assessed. Plant cell walls have been identified as a critical 
factor in influencing polyphenol bioaccessibility by interaction. However, studies of polyphenol 
bioaccessibility have been limited to either fresh fruits / vegetables or processed food. The aims of 
this study were to identify the process conditions i.e. temperature, pH, time required for polyphenol 
release from cells and the role of cell walls in re-distribution of polyphenols, as well as the 
subsequent interactions between polyphenols and cell walls that can affect the bioaccessibility of 
polyphenols during gastric digestion. 
Major polyphenols in apples i.e. flavonoids were found to be concentrated in vacuoles surrounded 
by intracellular membrane (tonoplast), extracellular membrane (plasma membrane) and cell walls. 
Food processing, especially thermal processing above 60 for more than 5 mins disrupted cell 
membranes and was an efficient trigger for polyphenol release. Therefore, the release of 
polyphenols happened at the beginning of eating processed food. In contrast, gastric conditions (pH 
2-5) had minor effects on membrane disruption and thus polyphenol release. In the stomach, 
mechanical breakdown is probably more important than acidic conditions in promoting polyphenol 
bioaccessibility. Although processing promoted polyphenol release, a high amount of polyphenols 
(40%-50%) was retained by the cell wall matrix which was confirmed by confocal microscopy 
which showed that released polyphenols were localized around cell walls after membrane disruption, 
suggesting that plant cell walls are likely to carry non-bioaccessible polyphenols to the large 
intestine. 
The interactions between polyphenols and cell wall polysaccharides were also confirmed in 
polyphenol-bacterial cellulose and polyphenol-apple cell wall model systems. Hydrogen bonding 
and hydrophobic interactions appear to be the major interactions between polyphenols and cell 
walls, with a major role for cellulose. With respect to charged phenolic molecules, ionic interactions 
between charged polyphenols and pectin was a secondary factor regulating the association between 
polyphenols and cell walls. By employing Langmuir binding isotherms, the apparent binding 
capacity of polyphenols to cell walls could be estimated and compared. From the perspective of 
polyphenols, the adsorption of polyphenols to cell walls was controlled by polyphenol 
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concentrations and chemical characteristics as well as charged nature. From the perspective of cell 
walls, polyphenol/cell wall interactions were affected by cell wall polysaccharide composition, 
particularly pectic polysaccharides, conformational flexibility i.e. side chains, and cell wall porosity 
as well as local microstructure. 
Fruits and vegetables are consumed not only fresh, but also processed into products. Previous 
studies have reported that food processing or even chewing could modulate polyphenol 
bioaccessibility either by disruption of the natural matrix or the microstructure for polyphenol 
release, or modification of binding capacity of cell wall matrices for polyphenols. In this project, we 
found that food processing, particularly thermal processing and mechanical processing increased 
polyphenol release through tissue disruption. The release of polyphenols occurred at the beginning 
of chewing and was dependent on particle size. In addition, food processing conditions modify the 
binding capacity of polyphenols with cellulose to different extents. Hydrothermal processing i.e. 
boiling, autoclaving had minor effects on the interactions between polyphenols and cell walls. In 
contrast, drying significantly reduced polyphenol-cell wall interactions by hindering access of 
polyphenols to binding sites, indicating that binding selectivity of the cell wall is greatly influenced 
by the physical state which depends on type of processing. The present project provided 
information on processing conditions that can be predicted for both increased and decreased 
bioaccessibility of polyphenols.   
Although the release of polyphenols starts at the beginning of eating fresh and/or processed food, 
extensive digestion and/or absorption occurs in the gastrointestinal tract. This project introduced for 
bioaccessibility studies the dynamic in vitro gastric model to mimic the gastric digestion 
environment as realistically as possible. The results showed that grinding and rubbing effects 
between samples in the stomach model greatly increased the release of polyphenols, suggesting that 
mechanical breakdown plays a critical role in promoting polyphenol bioaccessibility. However, the 
presence of mucin and cell walls offset the increased release of polyphenols by either binding or 
encapsulating. The effects of mucin were more pronounced for flavan-3-ols and significantly 
reduced release of catechin and epicatechin, as well as protecting procyanidin B2 from degradation. 
These factors interplay with each other and are predicted to codetermine the retention of food in the 
stomach and exert an impact on polyphenol release and delivery.  
Similar with other real fruit and vegetable system such as black carrot [7],  apple and pear [57, 164] 
and wine [58], this study has found that the bioaccessibility of polyphenols was regulated by plant 
cell walls. Food processing affected polyphenol bioaccessibility by modifying the interactions 
between polyphenols and cell walls. It is not clear whether enhanced or restricted bioaccessibility is 
126 
 
more desirable from a nutritional perspective. For example, flavonoids that are present as 
monomers, oligomers and polymers are well-known health-promoting nutrients that exert the 
bioactivity and effects on health depending on the adsorption. The monomers epicatechin, catechin 
and the gallate esters rich in green tea are absorbed in both human subjects and animals [304, 305] 
for biologic activities that are attributed to a higher bioaccessibility. However, oligomers and 
polymers such as procynidins which are likely to be associated with cell wall are poorly 
bioaccessible and bioavailable in the upper intestine [306], and reach to the colon. The biological 
effects are attributed to the lower bioaccessibility as they are converted into active metabolites by 
bacterial microflora in colon [307]. 
The present study indicates that the initial digestion starts from the oral cavity where physiological 
(mechanical) and physicochemical conditions lead to structural and chemical changes of food that 
release nutrients and increase contact with gastric components. The fate of polyphenols after oral 
digestion remains to be determined. The resulting food bolus generated by in vivo or in vitro 
mastication accompanied by oxidation reactions that occur as soon as cell disruption is the starting 
material for gastrointestinal digestion and subsequent colonic fermentation. Many enzymes such as 
polyphenol oxidase and pectin methyl esterase are known to limit polyphenol bioaccessibility by 
modifying the interactions. Therefore, more environmental factors should be taken into account. In 
addition, there are still gaps between the in vitro findings and the realistic in vivo environment. The 
DIVRS model creates ‘near-real’ digestion environment and has been used for rice and casein 
powder digestion [155, 308], pectin- and mango-enriched diets digestion [281]. The good 
repeatability, efficient and closely simulated mobility of digestion sites allow us to have a better 
understanding of food digestion behaviour.  However, the digestion efficiency and the buffering 
capacity in the DIVRS were lower than the in vivo systems most likely due to the structure and 
physicochemical properties of the food matrix e.g. viscosity, particle size, hardness that result in the 
limited motility of the model stomach system. In addition, the digestive capacity is still far from 
that in the living rat stomach and duodenum digestion is limited to viscous food particulates. 
Although the simulated digestion model used in this study mirrored reality as much as possible, 
more in vivo studies should be performed for correlation/validation of the findings from the current 
in vitro studies and more work need to be done to examine the validity of DIVRS, especially 
studying the digestion of hard particles such as apple, to make the existing model more practical in 
future applications. Furthermore, the delivery of bound and/or non-bound polyphenols to small and 
large intestine, and how their metabolism contributes to health benefits remains to be answered.   
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